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Abstract 
Evolutionary genetics theory predicts that additive genetic variation for fitness 
should be depleted by natural selection. Consequently it is expected that genes of 
large effect on fitness related traits should be rapidly selected to fixation. With the 
recent discovery of highly polymorphic molecular markers it has become possible to 
detect quantitative trait loci (QTL). This thesis describes the first attempt to detect 
QTL in an unmanipulated wild population. 
The red deer (Cervus elaphus) on the Isle of Rum, Inner Hebrides, Scotland have 
been the focus of an intensive study for thirty years and constitute a suitable 
population for a QTL search. I performed a power analysis in which it was 
determined that QTL of large effect might be detectable in a complex pedigree 
descending from a recently introduced stag, 'MAX!'. Primers for 354 bovine 
microsatellite markers were obtained and tested for polymorphism in red deer. 
Informative markers were placed on the deer genetic map, of which 84 were 
screened in 364 deer descended from MAX!. I performed a genome wide search for 
QTL for birth weight, using a recently developed variance components approach. 
Birth weight is under directional selection and known to influence overall fitness in 
the study population, yet does retain some additive genetic variance (h 2 - 0.18). 
Three regions explained significant evidence for birth weight QTL if treated as single 
statistical tests, but none were significant at an experiment-wide threshold of p < 
0.05. One of these regions has previously been reported to be associated with birth 
weight in a farmed pedigree derived from hybridised red deer and Père David's deer 
(Elaphurus davidianus). All three regions explained around 25% of the variation in 
birth weight, suggesting that genes of large effect on a fitness related trait can 
segregate in the wild. The large panel of markers screened also enabled me to derive 
a likelihood method to test and confirm the accuracy of the parentage inference 
program CERVUS. 
A further theoretical prediction is that selection will erode additive genetic variation 
for fitness traits faster than for morphometric traits. Thus a greater proportion of 
genetic variation in fitness traits should be attributable to dominance variance. 
Testing this hypothesis is difficult, as measuring dominance variance directly is not 
trivial. One solution is to attempt to detect inbreeding depression or heterosis, as a 
trait can only experience these phenomena if its genetic architecture includes a 
component of dominance variance. Previous analyses in the study population have 
detected inbreeding depression or heterosis using the related genetic variables 
multilocus heterozygosity (MLH) and mean d2. I used generalised linear modelling 
techniques to determine whether these genetic variables explained significant 
variation in life history and morphometric traits. In accordance with predictions, 
dominance variance appeared to be more important in fitness-related traits than 
morphometric traits, especially in males. 
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CHAPTER 1 	 INTRODUCTION 
I Introduction 
1.1 Fisher's fundamental theorem of natural selection 
Ronald Fisher's (1930) fundamental theorem of natural selection states: 
"The rate of increase in fitness of an organism is equal to its genetic variance in 
fitness at that time ". 
or 
"The rate of increase in fitness of any species is equal to its genetic variance in 
fitness ". 
Despite some confusion as to the actual meaning of the theorem it is one of the most 
commonly stated theories in evolutionary genetics (Frank and Slatkin 1992). 
Although not strictly speaking the intended definition' (Lynch and Walsh, in prep), 
the classical interpretation of 'the theorem' can be represented by the formula: 
LtW= o-2 (W)/W 
where AW = total change of mean fitness W 
and a 2  (W)is the additive genetic variance in fitness. 
An implication of this formula is that when there are no sources of new additive 
genetic variation (mutation or migration), natural selection should remove all 
additive variation for fitness that is present (Charlesworth 1987). A further prediction 
is that there should be no heritability of fitness in a population at equilibrium, and 
that the more highly correlated (genetically) with fitness a trait is, the lower will be 
Frank and Slatkin (1992) give an excellent account of what Fisher really meant. They argue that 
Fisher partitioned the change in fitness into two terms. The first is the change in fitness caused by 
natural selection (proportional to the additive genetic variance in fitness), and the second is that 
caused by the change in the environment. This second term is very broadly defined and even includes 
changes in allele frequency. In other words, if there is a change in fitness arising from the average 
affect of an allele being altered due to a change in allele frequency, then this is an environmental 
effect. Essentially this means that the fundamental theorem makes no general prediction about mean 
fitness following selection. While natural selection might increase the fitness of a population, there 






the heritability of that trait (Charlesworth 1987; Falconer 1989). Clearly all 
populations have some input of new additive variation due to mutation (and other 
sources), but it seems reasonable that the classical interpretation of Fisher is a good 
approximation of how selection acts on additive variation for fitness (Lynch and 
Walsh, in prep). 
1.2 Is there additive genetic variation for fitness? 
1.2.1 Heritability of fitness and fitness components 
Surprisingly little empirical data are available to support the predictions outlined 
above, in particular from natural populations. The principal reason for this is that 
individual lifetime fitness is difficult to measure in the wild. Longitudinal studies, 
following individuals from birth through all breeding attempts to death, are rare 
(Clutton-Brock 1988). Cross-sectional studies may not accurately measure fitness 
due to either a failure to represent individuals' entire life histories (Endler 1986) or 
the confounding effects of environmental variation (Clutton-Brock 1988). The only 
published estimate of the heritability of fitness in a natural population comes from 
Gustafsson's (1986) five year study of collared flycatchers (Ficedula aThicollis) on 
the Swedish island of Gotland. Gustafsson (1986) reasoned that because there was no 
apparent directional selection for any metric characters, it could be assumed that the 
population was close to equilibrium. The heritability of morphological characters, 
fitness components, and fitness itself was estimated by parent-offspring regression, a 
method that is relatively uninfluenced by dominance variance and less likely to be 
biased by shared environmental effects, compared with a full-sib method (Falconer 
1989; Roff 1997). The data support (interpretations of) Fisher; overall fitness had a 
heritability not significantly different from zero (males, h 2 = 0.083 ± 0.128 SE; 
females, h2 = -0.0142 ± 0.158 SE), and the greater the proportion of overall fitness 
that a trait explained, the lower was the heritability of that trait. However, the 
standard errors on estimates of heritability are often large, and the heritability of 
fitness reported by Gustafsson (1986) may not actually be zero, merely low. 
The heritability of fitness, fitness components and morphometric traits has also been 
estimated for the intensively monitored red deer population on the Isle of Rum, 
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Scotland (Kruuk et al., in press). This thesis concerns the Rum red deer and so a 
comprehensive discussion of Kruuk's study follows in Chapter 2. Briefly, the 
findings of Kruuk support those of Gustafsson; lifetime reproductive success has a 
heritability close to zero and fitness components have a lower heritability than 
morphometric traits. 
Although there are few studies that have estimated the heritability of overall fitness, 
components of fitness (e.g. longevity, fecundity) have been investigated in both the 
laboratory and in the wild. Roff and Mousseau (1987) reviewed the literature on 
Drosophila, compiling heritability estimates from 130 studies. Traits were classified 
as life history, behavioural, physiological or morphological. As predicted, life history 
traits had lower heritabilities than physiological or morphological traits, while 
behavioural traits had values similar to life history traits. Life history traits 
occasionally had heritabilities as high as 0.2 but were also prone to greater error than 
other traits, with different studies arriving at a wide range of estimates for the same 
life history trait. Roff and Mousseau (1987) also examined the genetic correlations 
between the various types of trait. Morphological traits tend to positively covary with 
each other and with life history traits. However, life history traits do not necessarily 
positively covary with other life history traits, providing some evidence that 
antagonistic pleiotropy (Rose 1982) may play a role in the maintenance of additive 
genetic variance for life history traits. Mousseau and Roff (1987) subsequently 
collected estimates of heritability of the same four categories of trait, derived from 
wild outbred animal populations other than Drosophila. In 140 studies, performed on 
a total of 75 species, 1120 heritability values were estimated. The same general trend 
was observed. Life history traits were the least heritable, followed by behavioural 
traits, with morphological traits the most heritable. However the mean heritability of 
a life history trait in a wild outbred animal was 0.26 compared with 0.12 for 
laboratory Drosophila. In other words, although natural selection appears to deplete 
additive genetic variance for life history traits more than other traits, substantial 
additive genetic variance persists in the wild. 
3 
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In summary, it is clear that more estimates of the heritability of overall fitness in the 
wild are required before any definitive conclusions can be drawn. The current 
consensus is that overall fitness has zero or very low heritability, but that fitness 
components do exhibit some, often substantial, additive genetic variation. 
1.2.2 Other measures of additive genetic variance 
Houle (1992) offers an alternative explanation (to those discussed in the previous 
section) as to why fitness and fitness components show reduced heritability 
compared to morphometric traits. Consider the definition of narrow sense 
heritability, namely the ratio of additive genetic variance to phenotypic variance 
(Falconer 1989): 
Heritability, h2 =VA/Vp 
Where VA is the additive genetic variance 
Vp is the phenotypic variance, 
where VP = VA + VD +V1+ VE (Falconer 1989). 
VD is the genetic variance due to dominance. 
V1 is the genetic variance due to epistasis. 
VE is the environmental deviation. 
If fitness (or a fitness component) has a low heritability, then it is usually assumed 
that this is because there is little additive genetic variance present. However, low 
heritabilities could also. be  explained by high environmental variance (Barton and 
Turelli, 1989). The environment is likely to influence fitness over an organism's 
entire life-span, and so substantial variation in environmental effects between 
individuals is to be expected. Consequently, the denominator of the heritability 
equation becomes large relative to the numerator. Houle (1992) suggested the use of 
the coefficient of additive genetic variance as an alternative measure to heritability. 








Houle (1992) calculated heritability, CVA and CVR (see below) for a total of 842 
traits obtained from the literature, many of which were studies included in the 
Mousseau and Roff (1987) and Roff and Mousseau (1987) analyses. CVR is the 
coefficient of residual variation and is calculated using the formula: 
CVR= iOO,JV _VA 
By using CVA, a measure scaled by the trait mean, the problem of environmental 
variance masking any additive variance is reduced. However, this measurement is 
still not scale independent (Roff 1997) and is also sensitive to the distribution of the 
trait (Kruuk etal. in press). Houle (1992) found that traits associated with fitness had 
higher values of CVA and CVR than those less closely associated with fitness (i.e. 
morphometric traits). Therefore, although the heritability of fitness components may 
be low, this does not necessarily mean that there is no additive genetic variance for 
fitness. 
When measuring heritability of fitness, fitness components and morphological traits 
in the Rum red deer, Kruuk et al. (in press) also examined CVA and CVR, and found 
only partial support for Houle (1992). As predicted CVR was greater for traits closely 
associated with overall fitness, and fitness components tended to have greater CVA' s 
than morphometric traits. However, total fitness was more strongly associated with 
longevity, a trait with low CVA, than any other trait (see also Chapter 2). In this 
population additive genetic variation for overall fitness could be masked by 
environmental noise, or it could genuinely have been depleted by selection. 
The extent to which sexually-selected traits are heritable is another contentious area 
of debate (Jones 1987; Andersson 1994). Pomiankowski and Moller (1995) 
compared coefficients of additive and residual variance between sexually and non-





genetic variation. Hence females derive a genetic benefit from mating with 
phenotypically 'good' males. It was claimed that this resolved the 'lek paradox' - the 
observation that in some species females have evolved strong preferences for 
particular males at display sites (leks) without receiving any apparent benefit. 
Pomiankowski and Moller (1995) argued that fitness increases at a greater than linear 
rate with trait value, and that sexual selection will increase the variance in the trait. 
This may come about by modifier loci that either increase the number of loci or 
increase the average contribution of each locus to the trait. A more straightforward 
explanation for the high CVA of sexually selected traits is offered by Rowe and Houle 
(1996). They suggest that sexually selected traits are condition dependent and that 
the high values of CVA arise because variation in condition depends on the effects of 
many genes. This argument is essentially the same as that used by Houle (1992) to 
explain why life history traits show greater values of CVA and CVR than 
morphometric traits. However in the data set compiled by Pomiankowski and Moller 
(1995) sexually selected traits had only marginally greater values of CVR than non-
sexually selected traits. Merilä and Sheldon (1999) suggest caution when drawing 
conclusions about the genetic architecture of sexually-selected traits, as many studies 
fail to consider the possibility of environmental correlation between parent and 
offspring (see Griffith et al. 1999), and there may be a bias towards highly heritable 
sexual traits being reported in the literature (see Alatalo et al. 1997). 
The coefficients of additive and residual genetic variance have proved to be useful 
tools for understanding the genetic architecture of fitness and related traits. They 
provide reasonably strong evidence that there is additive genetic variation for fitness 
components in natural populations, possibly segregating at a great many loci, but that 
these traits are also subject to high environmental variance. Consequently, the 
observation of low heritabilities is not incompatible with high coefficients of additive 
genetic variance. 
1.2.3 Locus-specific associations in the pre-mapping era 
The previous sections have detailed quantitative genetic approaches for detecting 
additive genetic variation for fitness components. Associations between genotype 
on 
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and life history traits have also been demonstrated in natural populations (reviewed 
in Endler 1986; Mitton 1997). The majority of these studies took place in the 1970's 
and 1980's when, inspired by the neutralist-selectionist debate a huge effort was 
made to detect variation at allozyme loci (Avise 1994). Well known examples of 
associations between genotype and fitness include the PGI locus influencing mating 
success in Colias butterflies (Watt 1977), the LDH locus associated with metabolic 
activity in the killifish Fundulus heteroclitus (DiMichele et al. 1991) and the LAP 
locus exhibiting 'varying levels of fitness depending on ocean salinity in the blue 
mussel Mytilus edulis (Hilbish and Koehn 1985). A number of studies have been 
carried out in the red deer population on which this thesis focuses, and these specific 
examples are discussed in Chapter 2. Since the heyday of allozyme-fitness studies, 
many of the major goalposts in evolutionary biology have shifted (Hey 1999). Most 
studies using DNA polymorphisms in natural populations today assume markers are 
neutral and ask different questions. For example, highly variable DNA markers are 
regularly used to infer parentage within a population so that measures of 
reproductive success or estimates of heritability can be made. 
Drawing any general conclusions from studies demonstrating associations between 
genotype and fitness is not straightforward. Whilst there is little doubt of the 
robustness of a few well-known associations, this does not mean that substantial 
genetic variation is the underlying cause of variation in fitness in the wild. A number 
of polymorphisms that have been studied intensively may have been chosen a priori 
because they were suspected to be associated with fitness (Avise 1994). A substantial 
proportion of reported associations between genotype and fitness involve cases 
where heterozygous individuals outperform homozygotes. This is not evidence for 
additive genetic variance. Furthermore many thousands of electrophoretic 
polymorphisms have been described, yet reported associations with fitness are rare 
(Pemberton et al. 1988), one possible reason being that it is extremely difficult to 
obtain field measures of lifetime fitness (Endler 1986). Until the advent of DNA 
molecular markers it was often necessary to kill individuals to obtain the blood 
sample required for genetic screening, and so morphometric measures assumed to be 
indicators of fitness had to be used as a fitness surrogate. Environmental variation 
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may mask any genetic differences in individual performance, making it impossible to 
detect differences between genotypes. Environmental variance in fitness can also be 
a problem in structured populations if particular genotypes are non-randomly 
distributed between environments, leading to an erroneous interpretation of fitness 
differences between genotypes (Coulson et al. 1998). Finally, it is likely that many 
studies failed to find associations between genotype and fitness, and remained 
unreported. The degree to which any such reporting bias has shaped the literature on 
allozyme-fitness studies is unclear. 
1.3 Understanding additive genetic variation for fitness 
It can be concluded from the quantitative genetics literature, and to a lesser extent 
from allozyme studies, that there is good evidence for additive genetic variation for 
fitness and especially fitness components in natural populations. However, very little 
is known about this variation. Eighty years after the end of the Mendelian-
Biometrician clash that dominated genetics in the early 1900s, a number of the issues 
most relevant in 1920 remain unresolved. Do major genes (oligogenes) for fitness 
segregate in the wild or is additive genetic variation mainly attributable to many 
polygenes of small effect (Barton and Turelli 1989; Orr and Coyne 1992)? How 
many loci are responsible for quantitative genetic variation? The first of these 
questions is of particular importance as the short term response to selection is 
dependent on the magnitude of allelic effects rather than the number of loci (Barton 
and Turelli 1989). Furthermore, many of the models used in evolutionary biology 
today assume that quantitative variation is caused by many genes of imperceptible 
effect (Barton and Turelli 1989; Mitchell-Olds 1995). The best known of these, the 
infinitesimal model, makes the assumption that a trait is described by a large number 
of loci each with a small additive and dominance component, and a normally 
distributed environmental component. It is assumed that there is no epistasis, and that 
the number of loci is large enough to make the trait normally distributed. 
i 
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No firm consensus on whether major genes play a large role in evolution has yet to 
be reached. For example: 
"Overall the data are consistent with the hypothesis of a large number of loci 
of small effect" (Roff 1997) 
"The limited data also reveal that major gene effects are not rare" (Orr and 
Coyne 1992) 
The observation that many continuous traits approximate a normal distribution 
reveals little about the genetic architecture of the trait (Falconer 1989; Roff 1997). I 
illustrate this with the following example. Imagine a trait determined by four additive 
biallelic genes of equal effect. For each gene one allele, p, has a value of 1 and the 
other, q, a value of 0. The frequency of p = frequency of q = 0.5. There is no 
environmental variance for the trait. A simulated frequency distribution for 1000 
individuals is given in Figure 1.1. The expected standard deviation of the trait is 'J2 
and the effect of an allelic substitution is 1. Therefore an allelic substitution is 
equivalent to 142 0.71 of a phenotypic standard deviation. Falconer and Mackay 
(1996) define a 'major gene' as one that has an allelic substitution effect of 0.5 of a 
phenotypic standard deviation or greater. Clearly the expected distribution from this 
major gene model is difficult to distinguish from the normal distribution expected 
under a model of many genes of small effect. If a small amount of random 
environmental variation was built into the model then the distribution would be 
almost perfectly normal. Falconer (1989) describes a similar example, but with one 
allele completely dominant to the other. With six loci underlying the trait the 
distribution is negatively skewed, but with 24 loci most of this skew disappears. 










Fig 1.1. The distribution of a simulated trait determined 
exclusively by four additive biallelic loci of equal effect. 
1000 individuals were simulated. Although the trait is 
determined by four genes of 'major effect' the phenotypic 
distribution is still close to a classical normal distribution. 
Note that Roff (1997) wrongly states that the expected 
frequencies for the phenotypic classes can be calculated 
from the coefficients of the binomial expansion (p+q)fl 
where n is the number of loci underlying the trait . The 
correct frequencies are obtained from the coefficients of a 
binomial expansion (p+q) 2 . 
In summary, it is clear that the distribution of a trait reveals little about the 
magnitude of allelic effects, the number of loci responsible, or the extent to which 
dominance plays a role in the genetic architecture of a trait. Roff (1997), however 
makes the point that if only a few loci were involved, strong directional selection 
should rapidly deplete variation, and the response to selection should cease. This is 
not usually observed in selection lines. 
In recent years biologists have turned to molecular techniques, principally 
quantitative trait locus (QTL) mapping to try and understand the nature of 
quantitative trait variation (Mitchell-Olds 1995; Roff 1997; Lynch and Walsh 1998). 
In the following section I introduce the concept of QTL mapping and review the 
literature on QTL mapping studies to date. 
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1.4 Quantitative trait loci (QTL) 
1.4.1 Background to QTL analysis 
In the previous section it was demonstrated that a Continuous trait distribution can 
result from many genes of small effect (polygenes or minor genes) or a few genes of 
much larger effect (oligogenes or major genes). Ultimately, to resolve the issue of 
effect size it would be desirable to search the genome for all genes influencing the 
trait, arriving at an accurate estimate of the number and magnitude of all genes 
involved. In principle, methods for detecting quantitative trait loci (QTL) have been 
known for most of this century (Lander and Botstein 1989; Lynch and Walsh 1998), 
although it is only in the last decade that it has become feasible to perform genome-
wide searches. Early studies used visible markers that segregated in a Mendelian 
fashion to identify QTL. For example, Sax (1923) used a polymorphism in seed 
pigment between two inbred lines of bean to determine that a linked locus was 
associated with seed weight differences between the two lines. The underlying 
principle in QTL analysis is that if a marker and a QTL are linked, and if there is 
some form of linkage disequilibrium in the cross or population studied, then 
individuals segregating for one marker allele will have a different trait mean to those 
with another marker allele. For the most simple experimental design the presence of 
a QTL can be detected by a straightforward statistical test such as a t-test. The 
complexity of the experimental design depends on the organism being studied and 
the question being asked. Deriving crosses between lines of bean to find QTL 
responsible for seed weight differences between lines is relatively simple. Carrying 
out a search for genes underlying a complex trait in a human pedigree that cannot be 
manipulated is a far more demanding task. In this section I describe some of the 
methods and techniques that have been developed for QTL analysis. I also review 
what the studies to date reveal about the genetic architecture of fitness-related traits 
within populations, and discuss what features are desirable in a wild population to 
perform such a task. 
In the last decade the number of QTL mapping programs has exploded. A number of 
earlier studies managed to locate QTL using visible polymorphisms or chromosomal 
rearrangements as markers (e.g. Sax 1923; Shrimpton and Robertson 1988), but it 
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was only with the advent of DNA polymorphisms such as restriction fragment length 
polymorphisms (RFLPs), randomly amplified polymorphic DNA markers (R.APDs) 
and microsatellites that it became possible to carry out genome-wide scans for QTL 
in almost any organism (Lander and Botstein 1989). It has also been suggested that a 
'catchy acronym', QTL, has aided the rapid uptake of such studies (Kearsey and 
Farquhar 1998). With DNA marker technology it became possible to construct whole 
genome maps using polymorphic, evenly spaced markers, permitting QTL analysis 
in almost any species (Lynch and Walsh 1998). Consequently QTL studies are now 
common-place in disciplines such as medicine, agriculture and evolutionary biology. 
A bewildering number of different experimental designs and statistical tests have 
been developed for QTL analysis. To a large extent these depend on the organism 
studied and the question being asked; Most designs fall into one of two categories 
(Lynch and Walsh 1998). The first involves the crossing of (usually inbred) lines, so 
that genetically identical Fis are produced. From these parental lines it is usual to 
produce either an F2 generation or to perform a backcross. These methods are widely 
applied in crop plant and mouse studies. They are suitable if one is interested in 
determining the genetic basis of the difference between the two lines. Another 
application of inbred line crosses is in determining the genetic basis of reproductive 
isolation between two related species (Bradshaw Jr et al. 1995; Lin and Ritland 
1997). The second category of design uses outbred populations. Examples include 
complex disease mapping in humans, and often the mapping of QTL for production 
traits in livestock. Two common features of this approach are that the organism being 
studied cannot be manipulated to create inbred lines, and that it is QTL within a 
population that are of interest (Lynch and Walsh 1998). At times the boundary 
between the two designs can be blurred, for example in livestock studies, but the 
majority of programs clearly follow one or the other design. Statistically, the inbred 
line design is a far more powerful approach. All Fl parents will be informative for 
marker and trait locus, and computation is relatively easy. Conversely it is highly 
unlikely that all parents in an outbred population will be informative for marker and 
trait locus. Furthermore different parents will be in different phase between marker 





drawbacks QTL detection is possible in outbred families of considerable complexity, 
and sophisticated statistical techniques have been developed to perform analyses in 
species such as man in which manipulating matings is impossible. 
A number of refinements of the two basic QTL mapping techniques have been 
developed to increase power and reduce cost when carrying out a mapping program. 
These include selective genotyping (Darvasi and Soller 1992; Cardon and Fulker 
1994), in which only individuals at the extremes of a phenotypic distribution are 
typed, hence reducing the amount of genotyping required. This labour-saving option 
can be taken even further by pooling DNA samples from selected individuals 
(Darvasi and Soller 1994), although such a design relies on accurate quantification of 
band patterns on gels and is rarely used in practice. Furthermore, only one trait (or 
several phenotypically highly correlated traits) can be analysed using this approach. 
The power to detect QTL can be increased if more than one marker is considered 
when carrying out the statistical analyses. Interval mapping uses each pair of 
adjacent markers to test for the presence of QTL (Lander and Botstein 1989; Haley 
and Knott 1992; Fulker and Cardon 1994) and leads to an increase in statistical 
power. Interval mapping also allows for more precise estimates of the position and 
magnitude of the QTL than single marker mapping (Lynch and Walsh 1998). A 
further extension is multipoint mapping which takes all marker data on a 
chromosome simultaneously. An increasingly common method used in human 
linkage analysis is to calculate an identity-by-descent (IBD) matrix between all 
pedigree members at regular intervals along a chromosome, and then to carry out a 
restricted maximum likelihood (REML) variance component analysis to detect QTL 
(Almasy and Blangero 1998; Lynch and Walsh 1998; Visscher et al. 1999). This 
method is suited to complex pedigrees and is extremely powerful, but is also 
computationally demanding. Variance component methods are discussed in greater 
detail in Chapter 7. 
1.4.2 What do QTL studies reveal about the genetics underlying fitness? 
The first point to make is that nobody has ever performed a QTL study for fitness or 
a fitness-related trait in an unmanipulated wild population. In this section I discuss 
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why this is so, and to what extent QTL studies in other types of population or on 
other types of trait might be pertinent to our understanding of the genetics of fitness. 
The principal reason that there has been no QTL study on fitness within a population 
is that fitness itself is so hard to measure in the wild (Endler 1986). Even if the QTL 
analysis is on a trait related to fitness, measurements of fitness or lifetime 
reproductive success have to be made to establish that link. For those field studies 
with the relevant data on fitness a number of further obstacles can hinder QTL 
analysis. First, individuals need to be sampled and a pedigree established before 
screening of markers can begin. Second, a sufficient number of markers need to be 
obtained and a linkage map constructed. Although this is possible for almost any 
species, developing and mapping a large panel of markers is time-consuming and 
expensive. Even if the above requirements are all met, analysis of a randomly-mating 
population is complicated and sample sizes need to be large. 
A second consideration when reviewing the literature on QTL analysis is the 
problem of over-estimation of allelic effect (Roff 1997). In an often overlooked, yet 
important paper Beavis (1994) used empirical and simulated data to illustrate this 
phenomenon. First, by sub-dividing a mapping population of 400 individuals into 
four samples of 100, the dependency of estimated QTL magnitude on sample size 
was examined. Data were taken from a study that had mapped QTL for plant height 
in maize. When the QTL from the larger experiment could be detected in the sub-
samples their effect was approximately double the original estimate. Beavis (1994) 
also carried out simulations to further investigate this effect. Two populations, one 
with 10 additive loci, and the other 40 additive loci contributing to the trait were 
simulated. Heritability was set at 0.30, 0.63 or 0.95 and the remaining variation 
sampled randomly across individuals. All QTL were on different chromosomes. 
Sample size was set to 100, 500 or 1000 individuals. The strength of this study is that 
the actual QTL effects was known and so the degree of over-estimate could be 
determined. When both sample size and the actual percentage variation explained by 
each QTL were small (100 individuals and 1.6%) the QTL effect could be 
overestimated by twenty-fold (Beavis 1994). Roff (1997) presents data from the 





phenotypic variation explained by QTL detected. There is a strong negative 
relationship between the two, suggesting that those studies that rely on a small 
sample size are prone to overestimate QTL magnitude. The reason for these 
observations is that the QTL actually detected are those with magnitude over-
estimated by chance sampling (Haley 1995). The smaller the sample, the more likely 
the occurrence of chance sampling. In the discussion of QTL studies that follows a 
number of large effects are reported. It must be remembered that a good deal of these 
are likely to be overestimates. 
Given the lack of QTL studies on wild populations what can studies on model 
organisms or on artificial crosses tell us? Most of the discussion that follows is 
inevitably biased towards studies involving some kind of cross, as within population 
studies are still relatively rare. The relevance of a trait under stabilising selection in a 
laboratory organism, to a trait under directional selection in the wild is questionable. 
However, a review of the literature suggests that general patterns are beginning to 
emerge, in particular with respect to QTL magnitude. Unless otherwise stated, I will 
use the Falconer and Mackay (1996) definition of a major gene as one where an 
allelic substitution has an effect of at least 0.5 of a phenotypic SD. 
The best understood quantitative traits are probably abdominal and sternoplural 
bristle number in Drosophila melanogaster. In a seminal paper Shrimpton and 
Robertson (1988) used visible markers to detect 17 loci on chromosome 3 that were 
associated with sternoplural bristle number. A number of these loci were of very 
large effect (as high as 2.8 phenotypic standard deviations), suggesting that additive 
genetic variation for this trait was due to a few loci of large effect and many more of 
smaller effect. It should be pointed out that the two lines being tested were derived 
from a high and a low selection line, so many of the QTL could be due to fixation of 
new mutations or rare alleles. However, Long et al. (1995) performed a similar 
analysis in which the lines were under weak selection (25%), in an attempt to 
maximise the probability that any QTL were due to pre-existing alleles rather than 
new mutants. No 'jumps' were observed in the response to selection, suggesting this 
was indeed the case, and again QTL of large effect were mapped. Mackay and 
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Langley (1990) showed that molecular variants at the achaete-scute complex in 
natural populations of Drosophila were associated with bristle number, suggesting 
that major genes segregate in the wild for this trait. A general picture from the 
Drosophila bristle number studies is that much of the genetic variation can be 
attributed to a few loci of large effect, and that these loci are often candidate loci 
(Mackay 1995). Furthermore, allelic effects often appear to be sex specific and may 
involve epistasis (Long et al. 1995; Mackay 1995). For this 'classical quantitative 
trait' at least, the infinitesimal model does not adequately explain the underlying 
genetic variation. 
A number of studies have used QTL analysis to investigate the genetics of 
reproductive isolation in plants. Bradshaw Jr et al. (1995) created an F2 population 
from two sympatric species of monkeyflower, the insect pollinated Mimulus lewisii 
and the humming-bird pollinated M cardinalis. The two species can be readily 
crossed in the laboratory but hybrids have never been observed in the wild. Eight 
floral traits associated with reproductive isolation were investigated and a major gene 
(classified here as being responsible for at least 25% of the phenotypic variation) was 
found for every one of them. Although the magnitude of these QTL appears 
impressive, only 93 F2 plants, a relatively small number, were used. To minimize the 
likelihood that allelic effects were overestimated Bradshaw Jr et al. (1998) repeated 
the experiment with a larger (n = 465) F2 population and also examined more traits 
(n = 12). Nine of the 12 traits had a QTL explaining 25% of the phenotypic variance 
and 11 of the 12 QTL found in the first experiment were detected in the second. 
However, of the nine major genes detected in experiment 1, only four were of similar 
magnitude in experiment 2. It seems that there was an upward bias in QTL 
magnitude in the first experiment, but that major genes were still present. 
Lin and Ritland (1997) investigated the genetics of selfing rate by crossing two 
species of Mimulus; the inbreeding M plalycalyx, and the outbreeding M guttatus. 
Six mating system characters were examined, of which QTL were found for five of 
them. In this study, the amount of overall phenotypic variation explained by 
individual QTL was lower than that observed in the Bradshaw Jr et al. (1995, 1998) 
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studies, and only one QTL explained more than 25% of the trait variation. The 
authors concluded that the majority of the phenotypic variation was due to polygenes 
of magnitude too small to detect, but that some genes of major effect may be 
segregating. Rieseberg et al. (1999) used an original approach to investigate the 
genetics of reproductive barriers in three natural hybrid zones between two sunflower 
species, Helianthus petiolaris and H. annuus. Maximum likelihood methods were 
used to detect regions with a significant underrepresentation of H. petiolaris 
ancestry. A conservative estimate of 16 'chromosomal segments' were associated 
with low pollen viability, suggesting that these regions contain genes responsible for 
reproductive isolation. It would appear that a large number of loci are responsible for 
reproductive barriers between the two species, perhaps suggesting that major genes 
are not segregating in these hybrid zones. In conclusion it appears that the number 
and magnitude of genes implicated in reproductive isolation may differ substantially 
between studies. It is possible that major genes are segregating, but care must be 
taken to distinguish major genes from upward-biased estimates of QTL magnitude. 
Those QTL that are found represent genes responsible for differences between 
species rather than genes underlying the variation observed within a species. Finally 
it is not clear whether some of the QTL observed are due to new mutations reaching 
fixation after speciation (Lin and Ritland 1997). 
Kearsey and Farquhar (1998) reviewed 47 QTL studies (1176 trial-trait combinations) 
in crop plants and their wild relatives, the brassicas and Arabidopsis. The majority of 
these experiments involved crosses between inbred lines. The mean number of QTL 
found was 4 (range = 0-16) and the percentage phenotypic variance explained by 
each had mean 15% (range 1%-53%). A general observation is that most QTL are 
of magnitude 10% or less, but larger effects are not uncommon (perhaps 10-20% of 
QTL found). Again however, it must be remembered that some of these estimates 
will doubtless be inflated, and that QTL of large effect may be expected in 
experimental crosses between inbred lines. 
It might be expected that QTL for production traits in livestock would be small as 
these traits have been under long term selection for decades or even centuries (Haley 
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1995). However, two large-scale searches for QTL associated with milk production 
in US Holstein cattle have revealed genes of large effect segregating (Georges et al. 
1995; Zhang et al. 1998) despite the fact that milk production has increased almost 
50% per cow in the last 20 years. A number of explanations are suggested for the 
continued segregation of major QTL, including negative pleiotropic effects, new 
mutations, or overestimation by chance sampling. The two studies used a 
granddaughter design (Weller et al. 1990, see Chapter 3.1) involving the same 14 
paternal half-sib families and arrived at broadly similar conclusions. The study by 
Zhang et al. (1998) is notable in that it is the first time a variance components 
method has been used in an outbred population. A detailed review of additional QTL 
studies in livestock is not given here, particularly as many mapping programs involve 
crosses between breeds, but the occurrence of major genes is not uncommon (e.g. 
Andersson et al. 1994; Beh et al. 1998). At this stage it is worth noting that the 
intensity of selection observed in natural populations is often similar to that used in 
an artificial programme (Endler 1986). Natural populations have been subject to 
selection for far longer than artificial selection lines, but environmental heterogeneity 
or antagonistic pleiotropy may reduce the rate at which additive genetic variation is 
lost in the wild (Barton and Turelli 1989). Perhaps if major genes can segregate for 
traits such as milk yield, then they may also persist for fitness-related traits in the 
wild? 
Few studies have attempted to map QTL for life history or fitness-related traits 
within a species (Mitchell-Olds 1996; Shook et al. 1996; Nuzhdin et al. 1997). None 
of these experiments has taken place in a natural population and all involved 
recombinant inbred lines. Nuzhdin et al. (1997) examined longevity in Drosophila 
and found 5 QTL of moderate to large effect. Shook et al. (1996) mapped QTL for 
both longevity and fertility in the nematode Caenorhabditis elegans and found that 
just three QTL explained 90% of the genetic variance for each trait. Mitchell-Olds 
(1996) mapped QTL causing trade-offs between flowering time and growth rate in a 
cross between two lines of Arabidopsis. It remains to be seen whether these 
pleiotropic effects will be observed in a natural population. It is striking that four 
years after an influential review describing how QTL methodologies could be 
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applied to natural populations (Mitchell-Olds 1995), there are no studies that can 
truly claim to have mapped genes for a life history or fitness related trait in a natural 
population. On the face of it this may seem surprising, but very few research 
programmes have all of the necessary ingredients: a large collection of good life 
history data from the wild, a sufficient number of DNA samples, a known pedigree, 
and a genetic map with a large panel of suitably polymorphic markers. 
Summarising the QTL literature it appears that major genes are detected for most 
types of trait regardless of experimental design. This is true for studies that look both 
within and between selected lines and species. Some caution must be taken as a good 
many major effects may be overestimates. However the idea that some of the 
additive genetic variation for fitness related traits in the wild is due to major genes is 
not unreasonable. Testing this hypothesis is currently impossible in all but a few 
natural populations. 
1.5 Aims and outline of thesis 
The principal goal of this study was to try and map QTL for birth weight, a fitness 
related morphometric measure, in a free-living population of red deer (Cervus 
elaphus) on the Isle of Rum, Scotland. The aims of this thesis are summarised below. 
• To describe the Rum deer population and the long term study of its behaviour, 
ecology and genetics. To identify traits suitable for QTL analysis (Chapter 2). 
• To determine the power to detect QTL in the study population by alternative 
mapping strategies (Chapter 3). 
• To generate a large panel of polymorphic DNA markers for constructing a deer 
genetic map and screening in the Rum population (Chapter 4). 
• To use this large panel of markers to reassess paternities previously assigned in the 
study population with the software package CERVUS (Chapter 5). 
• To construct a deer genetic map (Chapter 6) 
• To attempt to map birth weight QTL in the study population (Chapter 7) 
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• To investigate the usefulness of molecular markers as tools to estimate dominance 
variance (Chapter 8). 
• To investigate the role of dominance variance in the genetic architecture of both 
life history and morphometric traits (Chapter 9). 
• To identify future questions that deserve to be addressed as a consequence of this 
thesis (Chapter 10). 
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2 Red deer on Rum 
2.1 The natural history of red deer 
Red deer (Cervus elaphus) inhabit a wide range across Europe, Asia and parts of North 
Africa. There is some debate (Lowe 1989; Emerson and Tate 1993) as to whether they 
are conspecific with the larger North American wapiti (Cervus elaphus canadensis), 
since they readily hybridise with each other. Red deer show considerable sexual 
dimorphism - males (stags) weigh about 70% more than females (hinds) as adults 
(Clutton-Brock et al. 1982), and also have antlers. It is estimated that there are around 
300,000 red deer in Scotland (Youngson 1998), the population having increased since 
the last century when stalking became fashionable and a source of income for estates 
(Clutton-Brock and Albon 1989). 
Breeding is seasonal - the rut takes place in autumn, and following a gestation of 
around 235 days (Clutton-Brock et al. 1982) a single calf is born the following 
May/June. Females begin breeding from three years of age (or earlier in well-nourished 
populations) and produce a calf most (but not all) years until 12 years old, after which 
fecundity declines (Clutton-Brock et al. 1982). It is usual for a female to mate only 
once, and very rare for her to mate with more than one stag (Clutton-Brock et al. 1982), 
making paternity inference by behavioural methods possible. Males disperse from the 
natal group when aged 2 to 3 and reach reproductive age at around five. From August 
bachelor groups begin to break up as stags become less tolerant of each other, engaging 
in roaring contests, parallel walking and fighting. Dominant males establish and defend 
harems of females during the rut, although these are generally quite fluid, with younger 
stags opportunistically driving females away (Clutton-Brock et al. 1982). 
2.2 Background to the Rum project 
2.2.1 History of the population 
The 10,600 ha island of Rum (57'0' N, 6'20'W) lies 19 km from mainland Scotland in 
the Inner Hebrides. The island is largely deforested and since 1957 has been owned by 
the Nature Conservancy Council (the NCC; now Scottish Natural Heritage, SNH) with a 
view to running it as an 'open air laboratory'. In addition to the deer project a 
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been carried out on Rum, as well as attempts to regenerate native woodland from local 
seed stocks. 
Figure 2.1: Map of Scotland, showing the location of Rum 
It is not known whether red deer were brought to Rum by man or if they occurred 
naturally. The first record of their existence dates back to 1549 and they appear to have 
been abundant in the early 1700's (Clutton-Brock et al. 1982). Following the 
destruction of woodland, sheep farming became prevalent and deer numbers declined, 
until by 1787 they became extinct (Clutton-Brock et al. 1982). The human population 
also began to decline around this period, and most inhabitants were evicted in 1827 
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during the Highland Clearances (Rose 1995). In 1845 Rum was restocked with deer for 
stalking purposes, and following the purchase of the island by the Bullough family in 
1886, further introductions were made. By 1939 the population had risen to between 
1200 and 1700 (Clutton-Brock et al. 1982). A more detailed account of the 
introductions of deer to Rum from mainland Britain is given in Marshall (1998), from 
which it is apparent that the current population is derived from at least five British parks 
or estates. A culling regime has maintained the population between 1100 and 1900 for 
the last forty years (Marshall 1998). 
The last introduction occurred unintentionally in 1972 and is of great relevance to this 
study. In the winter of 1969-1970 a hummel (antler-less stag) from Braemar, North-East 
Scotland was moved to an enclosure on Rum and crossed with a number of Rum hinds, 
as part of an experiment to investigate the inheritance of hummellism. The male 
offspring all had normal antlers (Lincoln et al. 1973), and following vasectomy 
operations all were released on Rum in 1972. However, one stag, MAXI, rutted in the 
study area in 1975 and went on to become a highly successful breeder, with many 
paternities confirmed by molecular methods (Pemberton et al. 1992; Marshall 1998), so 
his vasectomy was unsuccessful. From known mother-offspring relationships and using 
genetic techniques to infer paternity, it is estimated that at least 300 descendants of 
MAXI have been born into the study population. There is no evidence that the other 
vasectomised stags went on to breed. Chapter 3 of this thesis concerns the applicability 
in QTL analysis of the extended pedigree descending from MAXI. 
2.2.2 The study area and field methods 
The long term red deer project started in 1968 and is based around Kilmory Glen (see 
Figure 2.2) at the North of the island. Early studies on the reproductive biology of males 
required close observation, and so animals were fed concentrates until 1970 (Clutton-
Brock et al. 1982). Attracted by this regime, a number of males immigrated into the 
study area during this period. In 1973 culling in the study area ceased and the 
population rose from 199 animals aged greater than one year old in 1973, to 284 in 
1979. Since 1982 the population has remained relatively stable with a mean of 162 
females and 109 males. Note also that the adult sex ratio has changed from being male 
to female biased. Five censuses of the study area are taken every month, and every 
animal is recognisable by either natural or artificial markings. Additionally, some 
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immigrant rutting stags are recognised annually. Animals born in the study area may be 
shot if they spend substantial time out of the study area, since culling continues on other 
parts of the island. During both the rut and calving censuses are carried out daily. 
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Figure 2.2. Map of Rum adapted from Clutton-Brock et aL, 1982. 
The Kilmory study area is the management block in the NE section of the map. Note 
that the study area is below 500m and unforested, aiding identification of the deer. 
Since 1970 around 60% (80% in recent years) of calves have been caught in the first 
three weeks after birth. On capture they are sexed, weighed and marked. Maternity of 
all calves is known from behavioural data. From 1982 onwards sampling for genetic 
purposes has also been performed (Pemberton et al. 1988). Markings include numbered 
ear tags, coloured flashes, ear punches and, for females, expandable coloured collars. A 
number of animals are captured as adults by darting them with the drug immobilon, 
after which they are marked (collars can be fitted to both sexes as adults), measured and 
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sampled. Additionally, most animals have natural markings and can be recognised by an 
experienced field worker on the basis of these alone. Animals lose many of the artificial 
markings over time, and so the ability to recognise unmarked animals is important to 
keep track of them over their entire lifespan. The carcasses of approximately 70% of 
animals that die in the study area are found, and can be measured and sampled. Since 
1971 detailed life histories have been collected on well over 2,500 deer, of which 
approximately 2,000 have been sampled for genetic analysis. 
2.3 Ecological and behavioural work 
A detailed account of the first decade of the Rum study is given in the book Red Deer - 
Behavior and Ecology of Two Sexes (Clutton-Brock et al. 1982). The book focuses on 
hinds and stags separately and in particular on the factors that influence reproductive 
success. The book is regarded as a classic study of a species' ecology. I will outline the 
more important findings here, in particular those that describe how the environment 
influences fitness and fitness components, as they are of greatest relevance to this thesis. 
Juvenile survival: 
Approximately 18% of calves die as neonates (Guinness et al. 1978; Coulson et al. 
1998b). Causes of death include desertion, drowning in burns and predation by eagles. 
Both birth weight and the mean temperature in June are positively associated with 
neonatal survival (Guinness et al. 1978; Coulson et al. 1998b). There is no evidence of 
a sex difference in neonatal mortality. 
Of calves surviving their first summer a further 25% die during their first winter 
(Coulson et al. in 1999). Male calf survival is lower than that of females (Coulson et al. 
1998a; Coulson et al. 1999). Survival is positively associated with birth weight' 
(Clutton-Brock et al. 1987; Coulson et al. 1998a), although later analyses suggest this is 
true for males only (Coulson et al. 1998b; Coulson et al. 1999). First winter survival is 
negatively associated with density, local population density (see Appendix A), birth 
date (the number of days after May 0 on which the calf was born) and autumn rainfall 
(Guinness et al. 1978; Albon et al. 1987; Clutton-Brock et al. 1987; Coulson et al. 
1998a; Coulson et al. 1999). Female first winter survival is also influenced by mother's 
reproductive status (whether or not she had given birth to a calf the previous year, see 
Appendix A) and is negatively associated with mother's age (Coulson et al. 1999). 
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Female lifetime reproductive success: 
Lifetime reproductive success (LRS; see Appendix A) is defined as the total number of 
offspring born to an individual, that survive to age two. Female LRS can be considered 
in terms of its components (fecundity, longevity, lifetime breeding success and 
offspring survival), all of which are strongly and positively associated with overall 
fitness (Kruuk et al. 1999b). Mean fecundity (the proportion of years, after breeding age 
is reached, in which a female produces a calf) is approximately 0.70 (Clutton-Brock et 
al. 1983). Fecundity is positively associated with spring temperature in the year of birth 
(Kruuk et al. 1999b), and negatively associated with density both in the year of birth 
(Kruuk et al. 1999b) and the breeding year studied (Albon et al. 1983b). It is also 
influenced by reproductive status and body condition (Albon et al. 1983b; Albon et al. 
1987). 
In their analysis of female reproductive success on Rum, Kruuk et al. (1999b) found 
that both spring temperature and density in the year of birth influenced lifetime breeding 
success (LBS, see Appendix A) and LRS. Longevity was also positively associated with 
mean spring temperature in the year of birth, and offspring survival was associated with 
local density (see Appendix A) in the mother's year of birth. 
Male lifetime reproductive success: 
Amongst males that reach breeding age, LRS is principally determined by lifetime 
breeding success (Clutton-Brock et al. 1988; Rose 1995; Kruuk et al. 1999b). Birth 
weight is positively associated with LBS, offspring survival, maximum annual breeding 
success (ABS, see Appendix A) and overall LRS (Clutton-Brock et al. 1988; Rose 
1995; Kruuk et al. 1999b). Lifetime reproductive success appears to be partly 
determined at an early age in both sexes. However, environmental variables such as 
density and mean spring temperature are the most important variables influencing 
female LRS, whereas birth weight, which is at least partially genetically determined (see 
next section), is more important in males (Kruuk etal. 1999b). 
Sex ratio at birth: It has been suggested for mammals with greater variation in 
reproductive success among males than females, and where reproductive success is 
influenced by maternal investment, that mothers in good condition should produce male 
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offspring (Trivers and Willard 1973). This hypothesis was empirically demonstrated in 
the Rum deer when it was shown that dominant mothers produced a higher proportion 
of male calves than subordinates, and that maternal dominance rank influenced mating 
success of male offspring (Clutton-Brock et al. 1984). However this relationship is not 
straightforward, and is dependent on population density (Kruuk et al. 1999a). After 
culling in the study area ceased and the population density increased, the proportion of 
males born decreased. Furthermore, following winters of high rainfall the sex ratio is 
female biased, suggesting differential foetal mortality between the sexes. Thus, not only 
does the Rum study provide support for the Trivers-Willard hypothesis, but it also 
demonstrates that sex ratio may also be determined by environmental conditions when 
in utero. The influence of potentially confounding environmental effects may explain 
why a greater number of studies of mammalian populations have not provided similar 
support for Trivers-Willard (Kruuk etal. 1999a). 
In this section I have described some of the environmental variables influencing various 
fitness components in the Rum red deer. An important point to make is that many of 
these effects would be impossible to detect in a shorter term or cross-sectional study. In 
the following section I describe some of the genetic studies that have been made in the 
population. The majority of these studies are dependent on the fact that much of the 
environmental variation can be partitioned out, enabling more subtle genetic effects to 
be detected. Without the ability to detect this environmental variation many of the 
genetic studies described would have been impossible. The ability to partition out 
environmental variation will also aid QTL analysis in the population. 
2.4 Genetic studies 
2.4.1 Associations between genotype and fitness components 
In Chapter 1 I described how reported associations between allozyme variation and 
components of fitness provide tentative support for the existence of genetic variation for 
fitness. Since sampling of new-born calves began in 1982 a number of genetic analyses 
have been carried out on the Rum deer. In the first of these, Pemberton et al. (1988) 
found polymorphisms at 8 out of 33 allozyme systems, and three of these (Mpi, Idh-2 
and Trj) were screened for the 1982-1985 cohorts. In addition to the environmental 
factors described earlier, all three loci were associated with juvenile survival (to two 
years of age). Amongst studies reporting allozyme-fitness associations this one is 
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notable in that potentially confounding environmental effects are considered, the sample 
size is relatively large, and fitness data are accurately measured rather than inferred 
from morphometric measures. The most surprising finding from this study was that one 
Mpi allele (f) was negatively associated with juvenile survival yet present at high 
frequency in the population. 
A follow-up study (Pemberton et al. 1991) examined variation at two of the same three 
loci, but with respect to fitness components associated with female breeding success. 
Again associations with genotype were reported, and strikingly those genotypes 
negatively associated with juvenile survival were generally positively associated with 
female reproductive success. Thus this study provides rare empirical evidence for 
countervailing selection (Rose 1982) operating to maintain genetic polymorphisms in a 
natural population. It has been suggested that at low population density Mpi f carriers 
did not experience reduced juvenile survival, yet still had enhanced reproductive 
success, explaining the high frequency of this allele in the early years of the study 
(Pemberton et al. 1991; Pemberton et al. 1996). As the population density increased, so 
did juvenile mortality (Clufton-Brock et al. 1987), particularly amongst Mpi f carriers 
and so the frequency of thef allele decreased (Pemberton et al. 1991). 
Subsequently, Coulson et al. (1998a) investigated genotype and juvenile survival, but 
included a further nine cohorts of calves and genotypes at ten microsatellite loci 
(described in Marshall et al. 1998; Pemberton and Slate 1994). Of the 13 loci examined, 
associations with calf survival were found at seven, including both Trf and Idh-2. Five 
of these seven associations involved an interaction with an environmental term (usually 
population density) such that the detrimental effects of particular alleles were greater 
under poor conditions (e.g. high density, high autumn rainfall). 
The study by Coulson et al. (1998a) raises a number of issues important to fitness-
genotype association studies. By using a larger data set some of the associations found 
by Pemberton et al. (1988, 1991) no longer appeared significant, most notably those 
between juvenile survival and Mpi genotype. Other associations initially appeared 
significant, but following randomisation tests disappeared, presumably because there 
were too few individuals in some genotype classes (a problem more likely when highly 
variable microsatellite markers are used). In the statistical models employed by Coulson 
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et al. (1998a) environmental variables explained around one third of the variation in 
survival. Also most fitness-genotype associations were genotype by environment 
interaction terms rather than straightforward consistent fitness differences between 
alleles. Clearly, adequate measurements of environmental variables are required to 
satisfactorily perform genotype-fitness association studies in the wild. A point made by 
Pemberton et al. (1988) is that the allozymes themselves may be responsible for the 
observed differences in fitness between genotypic classes, or they may simply be 
markers detecting the influence of linked loci. The fact that associations between 
genotype and fitness were equally common for both functional allozymes and non-
coding microsatellite loci in the study by Coulson et al. (1998a) provides weak support 
for the latter hypothesis. 
Given that fitness components generally have low heritabilities in the wild (Mousseau 
and Roff 1987; Chapter 1) it is surprising that such a high proportion of the loci studied 
by Coulson et al. (1998a) were associated with calf survival. It is possible that each 
marker is representing a large proportion of the genome, resulting from linkage 
disequilibrium in the population due to recent introductions (Pemberton et al. 1996; 
Coulson et al. 1998a). Alternatively, a number of the reported associations could be 
spurious. At least three different mechanisms could be responsible for false 
associations. 
First, the microsatellite markers used in the Coulson et al. (1998) study were initially 
selected for paternity analysis, and hence were multi-allelic (Marshall et al. 1998). 
Therefore, despite the large sample size, the number of individuals in certain genotype x 
environmental variable cells was small, leading to increased risk of Type I error. 
However the randomisation tests used by Coulson et al. (1998a) should detect any such 
false findings, although this is a general problem that should be considered in any 
genotype/fitness association study. Second, particular alleles may be non-randomly 
distributed across the study area such that differences in fitness due to environmental 
quality may appear to be due to genotype. Third, animals sharing particular alleles may 
be related, so that associations between that allele and a component of fitness may really 
be due to polygenic effects (Coulson et al. 1998a). By carrying out a QTL analysis 
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2.4.2 Paternity Analysis: 
Attempts to determine paternity in the Rum population have been motivated by the 
desire to estimate lifetime reproductive success amongst males, and to derive pedigrees 
so that quantitative genetic and inbreeding depression studies could be performed. In 
order to perform a QTL analysis in the population it is essential to have as detailed and 
accurate pedigree information as possible. In red deer, male lifetime reproductive 
success has a greater variance than female LRS (Clutton-Brock et al. 1982; Clutton-
Brock et at 1988), and so some stags are expected to have sired a large number of 
calves. Identifying and sampling the progeny of successful males may be essential to 
obtain sufficient power to perform QTL analysis (see Chapter 3). In this section I 
describe the methods that have been used to infer paternity in the population. 
Initially, paternity was inferred using purely behavioural data (Clufton-Brock et al. 
1982). From a sample of 70 hinds observed in oestrus, and for whom the birth date of 
the calf was known, it was estimated that male calves had a gestation of 236.1 ± 4.75 
days and females a gestation of 234.2 ± 5.04 days (Clutton-Brock et al. 1982). Hence, 
by backdating from the estimated calving date the conception date could be estimated. 
Candidate fathers were stags observed holding the hind in their harems during the five 
days (1 SD) either side of the date, a period known as the '11-day window'. Two 
alternative approaches were used to. infer paternity once candidate males were 
established. The fractional method awards 1/11 of a paternity to a male for every day he 
holds the hind in his harem. Hence multiple males may sire fractions of a paternity for a 
particular calf. The longest hold method awards paternity exclusively to the male that 
holds the hind in his harem for the most days during the 11-day window. In the event of 
a tie no paternity was awarded (although Kruuk et al. (1999b) randomly assigned 
paternity to one male in their analysis). Rose (1995) points out that although they 
claimed to use the fractional method in their analyses Clutton-Brock et al. (1982, 1988) 
actually used the longest hold approach. 
Genetic methods to infer paternity in the Rum deer were developed by Pemberton et al. 
(1992), following the invention of DNA fingerprinting (Jeffreys et al. 1985) and the 
realisation it could be used for parentage in natural populations (Burke and Bruford 
1987). DNA fingerprints of calf, mother and candidate fathers (from rut behavioural 
data) were run in adjacent lanes on gels for 107 calves, mainly from the 1982 and 1983 
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cohorts. Paternity was inferred for 80 calves, and in 74 the genetically assigned father 
was also observed holding the mother in his harem during the 11-day window. These 
genetic paternities were used by Pemberton et al. (1992) to investigate the accuracy of 
the behavioural methods used in earlier studies. They concluded that behavioural 
methods gave accurate estimates of relative mating success amongst males. However 
the variance in mating success was underestimated, and in particular the number of 
calves sired by successful stags was as much as three times greater than behavioural 
observations had suggested (Pemberton et al. 1992). Comparisons were also made 
between the 11-day fractional method of assigning paternity, and more sophisticated 
algorithms (for example, extending the 11-day window to a 2 SD 21-day window, and 
weighting probability of paternity according to a normal distribution around the 
estimated conception date). However, the simpler 11-day window method performed as 
well as any of the more complicated behavioural methods (Pemberton etal. 1992). 
A problem with the fingerprinting method used by Pemberton et al. (1992) is that all 
candidate males must be run alongside the mother and calf on a gel. Hence identifying a 
true father from many candidates is laborious, and in the absence of candidate males is 
even more difficult. Ideally, large scale paternity analysis, in which there may be 
numerous candidate fathers, should use markers for which band patterns or sizes can be 
stored in a database, enabling comparison across gels (Pemberton et al. 1992). The 
advent of polymorphic microsatellite loci allowed such an approach (Queller et al. 
1993, Chapter 4), and from 1993 microsatellites were routinely screened for paternity 
analysis in the Rum population (Pemberton and Slate 1994). 
Tristan Marshall, a previous graduate student in the laboratory, developed a likelihood-
based computer program, CERVUS for assigning paternity in natural populations when 
using codominant genetic markers such as microsatellites (Marshall 1998; Marshall et 
al. 1998; Chapter 5). Not only does CERVUS award paternity to the most likely male 
when there are several genetically compatible candidates, but it also uses simulation so 
that paternities can be inferred with any required statistical confidence. In Chapter 5 I 
discuss CERVUS in greater detail, and also perform an empirical investigation into the 
accuracy of the statistical confidence given by CERVUS when awarding paternities. 
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Using nine microsatellite markers and three protein loci, Marshall (1998) used CERVUS 
to infer paternity for over 500 calves. Around half of these paternities were assigned 
with 95% confidence and the remainder at 80% confidence. The principal goal of this 
analysis was to determine a pedigree so that inbreeding coefficients could be calculated, 
to investigate the extent and consequences of inbreeding in the Rum population. 
However, this study also enabled further investigation into the accuracy of awarding 
paternity by behavioural methods. 
In his reassessment of previous paternity inference methods, Marshall (1998) showed 
that all of the fathers identified in the fingerprinting study by Pemberton et al. (1992) 
were correct. Therefore the high confidence expressed by Pemberton et al. (1992) in 
their genetically derived paternities appears justified. However there is one important 
discrepancy between the studies. Pemberton et al. (1992) concluded that if a stag was 
seen holding a hind for five or more days during the 11-day window there was a 90% 
probability he was the father of the subsequent calf, whereas Marshall (1998) gave a 
figure of around 75% correct identification. He argued that Pemberton et al. (1992) used 
a biased sample of calves in their analysis. Stags were only regarded as candidate males 
if they were observed holding a hind during the 11-day window. Therefore cases where 
the longest-hold stag was not the true father, and the true father was not observed during 
the 11-day window would be excluded from the analysis. This led to an exaggerated 
confidence in behaviourally determined paternities. A number of the analyses I perform 
in this thesis rely on inferred paternities being correct. In Chapter 5 I analyse paternities 
assigned at 80% and 95% confidence by CERVUS, and derive criteria for adjusting the 
confidence in genetically inferred paternities in this population given certain 
behavioural data. 
2.4.3 Inbreeding Studies: 
The detailed life history data and the existence of a documented pedigree make the Rum 
deer an ideal population in which to study the frequency and consequences of 
inbreeding in the wild (Marshall 1998). Close inbreeding (between full sibs or parent-
offspring) in the study area appears to be rare (around 1.5% of matings) although 
inbreeding between moderately related individuals (particularly paternal half sibs) is 
more common (Marshall et al. submitted). It is estimated that 13.4% of calves are 
moderately or closely inbred (Marshall et al. submitted). 
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Although paternity has been assigned for an impressive number of calves, the pedigree 
is still sufficiently 'gappy' to make the use of inbreeding coefficients (Falconer 1989) 
inappropriate for investigating inbreeding depression (Marshall 1998). Alternative 
marker-based measures to detect inbreeding depression include multi-locus 
heterozygosity (David 1998; Marshall 1998) and a recently derived statistic mean 
(Coulson et al. 1998b; Pemberton et al. 1999). In Chapter 8 I discuss these methods in 
greater detail, but for now it is sufficient to say that both methods have been used to 
detect the consequences of inbreeding in this population. There is good evidence that 
inbred deer in this population have reduced birth weight and neonatal survival (Coulson 
et al. 1998b), and that inbred female calves have reduced first winter survival (Coulson 
et al. 1999). There is weaker evidence that inbreeding influences lifetime mating 
success in both sexes (Marshall 1998). In Chapters 8 and 9 I use multi-locus 
heterozygosity to further analyse the effects of inbreeding in the population, and also to 
test the prediction that traits closely related to fitness exhibit more dominance variation 
than traits less strongly associated with fitness (Roff 1997; Merilä and Sheldon 1999). 
2.4.4 Quantitative genetic studies: 
Rose (1995) estimated the heritability of lifetime reproductive success (LRS) and 
various fitness components for males and females. I will not include a comprehensive 
discussion here, as Kruuk et al. (in press) used a more rigorous approach in performing 
a similar analysis. Rose (1995) used a paternal half-sib design to reduce the risk of 
obtaining inflated estimates of heritability through maternal effects, shared environment 
effects and dominance variance (Falconer 1989; Roff 1997). However, a number of 
traits had heritability estimates greater than 1, suggesting that environmental variation 
may be contributing to the paternal genetic effect. Rose (1995) suggested that a 
correlation between stag quality and rutting area quality may be responsible for these 
inflated estimates. In fact, paternal half-sibs are likely to share a common environment, 
causing overestimates of the paternal polygenic variance component, regardless of any 
correlation between stag quality and rutting area quality. Traits with heritability 
estimates >1 were those expressed early in life, so it seems probable that a shared 
environment between paternal half-sibs as neonates or in utero was the confounding 
factor in this analysis. 
33 
CHAPTER 2 	 RED DEER ON RUM 
The approach used by Kruuk et al. (in press) to estimate heritabilities was more robust 
than that taken by Rose (1995) due to the method used and by virtue of having a larger 
sample size. In addition to providing a rare estimate of heritability of fitness in a wild 
population, this study is notable for a number of other reasons. First, a restricted 
maximum likelihood (REMIL) method was used, so that a number of the (frequently 
violated) assumptions of parent-offspring methods could be ignored (Falconer 1989). 
By using an 'animal model' (Lynch and Walsh 1998), the entire pedigree of 2,374 
individuals was considered simultaneously, so that additional information to that used in 
a parent-offspring regression method was obtained. Second, variance components for 
each trait were estimated, so that comparisons between h 2, CVA and CVR could be made. 
Third, the father-offspring relationships in this study were either genetically inferred, or 
were awarded to males holding a harem for 6 days or longer (i.e. 75% confidence could 
be attached to them). Thus the problem of wrongly-assigned paternities causing 
components of additive genetic variation to be underestimated was largely avoided. 
As discussed in Chapter 1, Kruuk et al. (in press) found that overall fitness had a 
heritability close to zero, fitness components had lower heritability than morphometric 
traits, and that the coefficients of additive genetic variation and residual variation 
provided some support for Houle (1992). In other words, some traits closely related to 
fitness had high CVA and CVR, so that the observation of a low heritability was not 
incompatible with the notion that there was additive genetic variation for fitness 
components. 
2.5. Which traits are suitable for QTL analysis? 
In section 1.4.2 I discussed why a QTL study has never been performed in a wild 
outbred population. In this section I explain why the Rum deer provide a unique 
resource with which it may be possible to search for QTL for fitness components, and 
suggest which traits may be most suitable to study. First, consider the necessary 
requirements to perform this type of analysis: detailed life history data, a known 
pedigree, a large panel of mapped markers and genetic samples from a sufficiently large 
number of individuals. In this Chapter I have described how life history data was 
collected from over 2,500 deer, and how environmental factors are known to influence 
fitness components. I have described how maternity is known with near-certainty and 
how paternity can be inferred with statistical confidence, so that a sufficiently large 
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pedigree is available with which to perform a QTL analysis. Comprehensive details of 
how a large panel of markers were characterised and mapped are included in Chapters 4 
and 6, but a brief background to the deer genetic map follows. 
Since 1990 Mike Tate and co-workers (AgResearch, New Zealand) have been involved 
in a deer genetic mapping program. Red deer and Père David's deer (Elaphurus 
davidianus) have been hybridised and Fl males backcrossed to red deer hinds. A large 
panel of markers have been mapped by linkage analysis in the back-cross generation 
(see Tate et al. 1994; Tate et al. 1995; Tate 1997; Chapter 6) and QTL analyses for 
gestation length and live weight traits have also been performed (see Goosen 1997; 
Goosen et al. 1998; Chapter 3). For the purposes of this chapter the important point is 
that a deer genetic map was already developed at the outset of this study, making QTL 
mapping in the Rum population a possibility. 
Given that QTL mapping is feasible in the Rum population, what traits might be most 
suitable for analysis? An ideal trait would be heritable (or have a high CVA), be a 
component of fitness (so that it is under directional selection), and any potentially 
confounding environmental factors influencing the trait would be known. Traits most 
closely related to fitness (e.g. lifetime breeding success) are unsuitable as many animals 
do not live to breeding age, reducing the available sample size. In the analysis by Kruuk 
et al. (in press) the only life history traits with a heritability significantly different from 
zero were expressed in females only, once again causing problems of reduced sample 
size. A close inspection of quantitative genetic parameters would suggest that birth 
weight may be a suitable trait for QTL analysis. Heritability of birth weight is 
reasonably large (0.283 ± 0.073 for females; 0.149 ± 0.067 for males), CVA is greater 
than for all other morphometric traits and a number of life history traits, and also birth 
weight is correlated with overall fitness (r = 0.160 for females; r = 0.182 for males). 
Birth weight is one of the most frequently and accurately measured traits in the 
population, making it further suitable for QTL analysis. Although not strictly speaking a 
fitness component, birth weight is associated with a number of fitness components, in 
particular lifetime reproductive success in males (Kruuk et al. 1999b; Rose 1995). Thus 
it is a suitable trait with which to examine whether or not alleles of large effect can 
persist in the face of directional selection. 
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2.6 Are descendants of MAX! born heavier? 
In section 2.2.1 I described the recent introduction of the stag MAXI (Lincoln et al. 
1973) to the study area. MAXI not only rutted successfully for over five years, but he 
also sired other successful stags. Given that MAXI's father was not from Rum, it is likely 
that novel genetic variation was introduced into the population. Consequently, new 
additive genetic variation could have been introduced, or if there is dominance variance 
for any traits, heterosis (Falconer 1989) could occur. This section describes an analysis I 
performed to determine whether MAXI descendants were born heavier than non-MAXI 
descendants. If MA)U's descendants were born heavier, it would imply that there has 
been an input of new genetic variation. 
Generalized linear models (GLMs) were used to investigate factors associated with birth 
weight. Not only would this allow me to determine the effect of the MAXI introduction 
on birth weight, but it would also enable me to detect additional environmental factors 
that could be accounted for when performing a QTL analysis. A number of variables 
influencing birth weight in this population have been described previously (Albon et al. 
1983a; Coulson et al. 1998b), but in this analysis I use a larger sample of 1,072 deer 
born between 1970 and 1996. 
I used modelling techniques described in Crawley (1993), implemented in SPLUS 4.5 
(MathSoft). I assumed a normal error structure and tested the significance of all terms 
(see below) as both main terms and interactions. Initially I constructed a model with all 
terms fitted. Comparison was made with alternative models in which each term was 
sequentially dropped. The difference in deviance between the full and reduced model is 
distributed as an F distribution, with the two degrees of freedom equal to the difference 
in d.f between the models, and n-k-1 (where n is the number of individuals and k is the 
summed d.f of the remaining terms in the reduced model). Terms were only retained if 
significant at p < 0.05. Main effects cannot be tested if they are also included as an 
interaction term, and so were tested by comparison with a model containing neither the 
main effect nor their interaction terms (Crawley 1993). No interaction terms were fitted 
if any cell size was lower than 30, as small cells can lead to Type 1 error. 
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Table 2.1 GLM for influence of being a 'MAXI' descendent on birth weight. 
Null model deviance = 1732.1, full model deviance =1415.4, deviance explained = 18.3%. 
Descendants of MAXI are born heavier than non-descendants. The model contained 1072 deer. 
For a full description of explanatory variables see Appendix A. 
Term Term Type - df. p Deviance Effect on birth 
explained weight 
Mother's reproductive status Factor (5 levels) 4,1060 <0.0001 3.7% Variable 
Area Factor (5 levels) 4,1056 <0.0001 3.6% Variable 
April-May mean temp Continuous 1,1053 <0.0001 2.6% + ye 
Sex Factor (2 levels) 1,1053 <0.0001 1.7% Males heavier 
MAXI descendent Factor (2 levels) 1,1053 <0.0001 1.2% Heavier 
Birth Date Continuous 1,1057 0.0002 1.1 % + ye 
Mother's age (Quadratic) Continuous 2,1054 0.002 0.9% + ye 
Rep. status x Birth Date Interaction 4,1056 0.022 0.9% Variable 
Density Continuous 1,1053 0.015 0.5% -ye 
Significant terms are shown in Figure 2.3. The only non-significant terms tested 
involved monthly rainfall in the winter/spring prior to birth. The two explanatory 
variables of greatest interest here are density and MAXI descendant. This is the first time 
that density has been shown to be negatively associated with birth weight in the study 
population, and may explain the apparently paradoxical result that birth weight is 
heritable and positively correlated with male LRS, and yet has not increased over the 
duration of the study (Rose 1995). A number of animals in the model were born before 
MAXI reached breeding age. However, if a reduced data set was used (n = 970) in which 
all animals were born after 1975, the model was almost identical (not shown). Thus, the 
effect of being a MAXI descendant on birth weight is not attributable to a greater 
proportion of non-descendants being born into earlier cohorts. 
Descendants of MAxJ were born on average 182g (± SE 46g) heavier than non-
descendants. The standard deviation of birth weight in the population is approximately 
1.2 kg, thus the 'MAxI effect' is -0.2 of a phenotypic standard deviation, a reasonably 
large effect. Obviously this is a crude measure as the analysis takes no account of how 
related any individual is to MAXI, and the 'MAX! effect' will be diluted for distantly 
related individuals. Furthermore, some animals may be descended from MAX! but 
classified as non-descendants due to gaps in the pedigree. These animals will tend to 
inflate the mean birth weight of the non-descendant group, giving a conservative 
estimate for the mean difference between the two groups. However, this analysis would 
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Summarising, in this Chapter I have described the history of the Rum red deer project. I 
have explained how it is a suitable population in which to perform a QTL mapping 
project and suggested that birth weight is a good trait for further study. Additionally, I 
have identified a recent founding event as a potential source of introduced genetic 
variation for birth weight. In Chapter 3 I describe a power analysis to determine the 
feasibility of detecting QTL segregating in the animals descended from MAXI. 
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3 Power to detect QTL in the study population 
3.1 Introduction 
In the first two chapters of this thesis I have explained how the Rum red deer might 
be a suitable natural population in which to attempt a QTL mapping experiment on a 
directionally selected trait. In this chapter I discuss different experimental designs 
that might be applied to detect QTL in the population, and present simulations that 
compare the statistical power of the various designs. 
Chapter 1 discussed experimental designs for detecting QTL, and emphasised the 
distinction between designs that use inbred lines, and those that are performed in 
outbred populations. The former approach is more powerful (Lynch and Walsh 1998) 
but for many natural populations it is neither desirable nor possible to perform 
crosses. Clearly the Rum red deer are an outbred population in which designed 
crosses would be impractical or impossible. Thus, only experimental designs for 
outbred populations can be considered as options for this study. A number of 
mapping programmes have been performed in farmed ruminants (Georges et al. 
1993a; Georges et al. 1993b; Montgomery et al. 1993; Georges etal. 1995; Zhang et 
al. 1998) and so this would appear an obvious point at which to start considering 
experimental design. Large families are common in farmed livestock breeds, with 
paternal half-sibships of several thousand not uncommon when artificial 
insemination (Al) is used (Weller etal. 1990). 
Considerable attention has been given in the animal breeding literature to the relative 
power of half-sib designs, and more complicated family structures, in detecting QTL 
(Weller et al. 1990; van der Beck et al. 1995). Weller et al. (1990) examined the 
power to detect QTL for the half-sib (or daughter) design and compared this to a 
three-generation granddaughter design (see Figure 3.1). In the daughter design each 
sire has a number of daughters by different dams. All sires and progeny are 
genotyped and progeny have recorded trait values. The alternative granddaughter 
design was developed with dairy cattle in mind: it requires sires to have a medium to 
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sires are genotyped and trait values of their daughters are recorded. Breeding values 
of sons are accurately estimated by taking daughter phenotypic means. Weller et al. 
(1990) concluded that although not a particularly complex pedigree, the 
granddaughter design was a more powerful method than the half-sib design in 
detecting QTL. Additionally, less genotyping is required in obtaining this enhanced 
power. Georges et al. (1995) successfully used this design to detect milk production 





1) Daughter design. 
Daughters are paternal half-sibs. Sire 
and daughters are genotyped, and an 
ANOVA is used to test for a mean trait 
difference between daughters 
inheriting alternative sire marker 
alleles. 
Figure 3.1 Illustration of the daughter and granddaughter designs described in Weller et al. 
(1990). 
Paternity analysis in the Rum study population has shown that there is considerable 
variation in male LRS (see Chapter 2) and that a number of successful stags have 
produced large paternal half-sibships. Although these sibships are not as large as 
those produced by Al in livestock, there are clearly similarities between the two 
breeding systems. Thus the daughter design must be considered as a plausible design 
for detecting QTL in the Rum deer. This method also has the advantage of being 
computationally simple (Weller et al. 1990). However, the analysis by Weller et al. 
(1990) suggests that more complex designs may have greater statistical power. 
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An alternative to a half-sib design is to use complex, extended pedigrees. Human 
geneticists have focused on the relative merits of extended pedigrees vs. nuclear 
families for detecting linkage. The recent Genetics Analysis Workshop 10 (GAW10) 
set a challenge to a number of groups to detect QTL for an oligogenic trait 
segregating in two simulated data sets, one containing nuclear families and the other 
an extended pedigree (Wijsman & Amos, 1997). The number of phenotypes and 
genotypes was equal for both data sets. Those analyses that used the extended data 
set were generally more successful in detecting the simulated disease loci, estimated 
QTL location more accurately and detected fewer false positives. Two properties of 
extended pedigrees lead to the increased power. First, there are more meioses in the 
extended pedigree than the nuclear family design for the same number of genotypes. 
Secondly, marker phase is estimated more accurately over several generations than 
one. Recent statistical advances have enabled geneticists to use information from 
extended pedigrees rather than their constituent nuclear families or sibships (Almasy 
& Blangero, 1998). Approaches such as these may enable evolutionary biologists to 
search for QTL without performing crosses within their study population. However, 
utilising whole pedigrees does have disadvantages. Analyses can be computationally 
demanding, and statistical techniques familiar to those using simple designs, such as 
least squares, cannot be performed. 
In this Chapter simulation is used to address a number of questions, relating to power 
to detect QTL. 
• Do small half-sibships contribute towards power in a half-sib design? 
• Do least-squares and likelihood approaches give similar estimates of power for 
the half-sib design? 
• What is the power of the Rum population to detect birth weight QTL compared 
with the Père David's / red deer pedigree successfully used by Goosen (1997) 
and Goosen etal. (1998)? 
• Do a complex pedigree and the half-sib design give similar estimates of power? 
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This last question is particularly important, as it should give a clear indication of 
which mapping strategy to use to detect QTL in this population. 
3.2 Methods 
3.2.1 Pedigrees used in the simulations 
Previously I described how MAXI and a number of his offspring have bred 
successfully (Chapter 1), and I demonstrated that there is good evidence that MAXI 
introduced new genetic variation into the population (Chapter 2). It is also possible 
that marker heterozygosity will be higher within this specific pedigree than for the 
remainder of the population. Thus, for the purposes of the simulations I used the 
animals descending from MAXI (see Figure 3.2). The entire Rum pedigree was 
visualised using PEDVIEW (Kinghorn 1994) and 416 descendants of MAXI identified. 
These 416 individuals were spread over six generations and included 73 half-sibships 
ranging in size from two to 27. The power to detect QTL in this complex pedigree 
was compared with a simpler half-sib design by breaking the pedigree down into its 
composite half-sibships. Breaking down the complex pedigree in this way violates 
the assumption that the nuclear families are independent, but analysis is simplified so 
that least squares methods can be performed. 
The pedigree used by Goosen, (1997) and Goosen et al. (1998) comprised five 
paternal half-sibships in which all sires were Père David's / red deer hybrids. Sibship 
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Figure 3.2: Diagram showing MAXI and his most successful descendants. 
All descendants with five or more offspring are shown. Squares represent males, circles 
females and diamonds five or more other individuals. Note particularly the success of MAXI's 
son RED7. 
3.2.2 Simple least squares based analysis of power 
A quick method to estimate the power to detect QTL in the constituent half-sibships 
of the larger pedigree used a computer program written by Peter Visscher (University 
of Edinburgh). This analysis is an extension of that used by Weller et al. (1990) 
when evaluating a half-sib design (Weller uses the term daughter design), but allows 
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small sibships contribute to power, and also to compare the power of a least squares 
approach with that from a likelihood approach for a half-sib design. In the balanced 
half-sib design used by Weller et al. (1990), the distribution of the test statistic under 
both the null hypothesis (no QTL segregating) and the alternative hypothesis can be 
approximated by a central and a noncentral X 2,respectively. With unequal family 
sizes, the test statistic under the alternative hypothesis is not obvious, so the 
following approach was taken. 
For each replicated population the sum of squares attributable to the marker contrasts 
within sires was sampled by: 
determining whether each sire was homozygous or heterozygous at the 
QTL, by sampling from a binomial distribution; 
binning each progeny into one or other marker allele class (all sires were 
assumed heterozygous for the marker), again by sampling from a binomial 
distribution; 
sampling the means of each marker class from a normal distribution with 
the mean difference between the marker classes equal to the QTL effect. The 
squared difference between the means, standardised by the variance of the 
difference between the two means, was drawn from a noncentral x2 
distribution. It was thus assumed that the within-sire variance was known (or 
estimated without error). 
Summing this marker contrast sum of squares across all sires gave the test statistic. 
Power was calculated by determining the probability of the test statistic exceeding a 
central x2  of Type I error a, with degrees of freedom equal to the number of sires 
which had progeny in both marker classes. 
Unlike Weller et al. (1990) I investigated half-sibships of differing size, as occur in 
most natural populations. In addition, the method I used takes into account the finite 
sampling of progeny group sizes for each marker class. I assumed that all sires were 
heterozygous for the marker allele and that there was no recombination between 
marker and trait loci. The following parameter values were used for simulations. 
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The QTL was assumed to be biallelic, with each allele at frequency 0.5. 
QTL magnitude was varied in increments of 0.1 of a within QTL genotype 
phenotypic standard deviation, so that the difference between the 
heterozygote and either homozygote was 0.5 to 1.0 SD. 
Polygenic heritability was 0.5. 
I examined the effect of using all half-sibships (two sibs or more) or those containing 
greater than three, four, or five sibs on the power to detect linkage. Ten thousand 
replications were performed throughout. 
3.2.3 Simlink program 
Although the Weller approach gives a rapid and accurate estimate of power within a 
half-sib design, it cannot be used to analyse more complex pedigrees. To perform 
power comparisons between the extended pedigree and the half-sib design (the main 
purpose of this power analysis) I used the likelihood-based program Simlink 
(Boehnke, 1986; Ploughman & Boehnke, 1989). Simlink also enables investigation 
of the effects of marker heterozygosity and recombination on power. Simlink tests 
whether a segregating major gene can be detected when linked to a marker, 
compared to the null hypothesis of a major gene segregating but being unlinked. 
Note that Simlink and the Weller approach perform subtly different statistical tests. 
The Weller approach tests for a QTL segregating against the null hypothesis of no 
QTL, whereas Simlink tests for a QTL linked to a marker, compared with a QTL 
segregating but unlinked to the marker. The implications of this difference are 
discussed in section 3.4. Using Simlink I compared the power to detect linkage in the 
extended MAXI pedigree with that obtained from using only the constituent sibships, 
whilst also investigating the effect of QTL magnitude, marker heterozygosity and 
recombination between marker and QTL. One hundred replications were performed 
throughout. 
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Simlink parameters. 
QTL magnitude: as for the Weller approach. 
Recombination fraction: the distance between marker and trait locus was 
set to0, 10 or 20 cM. 
Marker heterozygosity: the number of marker alleles was varied from two 
to nine with all alleles at equal frequency. This meant that marker 
heterozygosity varied from 0.5 to 0.89. Unlike the Weller approach, a marker 
heterozygosity of unity is impossible with Simlink. However, the parameter 
values used in Simlink are more realistic. 
3.2.4 Significance thresholds 
The relationship between the ,,2 - test of the Weller approach and the likelihood test 
of Simlink is complicated, but the same significance level for both is essential to 
make a comparison between the two approaches for a half-sib design. Baret et al. 
(1998) examined the relationship between the test statistics for the F-statistic (or its 
approximation by ,) and a likelihood ratio test, for the half-sib design. They showed 
for the null hypothesis of no QTL segregating, that a likelihood ratio test (or LOD 
score) follows an approximate distribution of a 50:50 mixture of a x2  with d.f = 1 
and a point mass at zero. This can be approximated by using a x2  distribution with 1 
d.f. and doubling the probability value. So, if Simlink is used to test the power of 
obtaining a LOD of 3.0 (corresponding to a probability of 0.0002) then to perform 
the equivalent test with the Weller approach a p value of 0.0001 (half of 0.0002) 
should be used. 
3.3 Results 
3.3.1 Contribution of smaller sibships to power. 
I used the Weller approach to examine the effect of the smaller half-sibships on the 
power to detect linkage to a QTL (see Table 3.1). Of the 73 sibships within the MAXI 
pedigree, 31 of them only had two sibs and 17 just three sibs. Power was greatest 
when all half-sibships were used, but the contribution from the half-sibships with 
fewer than five progeny was small. In practical terms this means that the extra 
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power, and would be inefficient in terms of cost and time. A further problem caused 
by small sibships was that all offspring often inherited the same sire marker allele. In 
consequence the average number of informative sires varied across replications of 
the simulation, and the Type 1 threshold was not constant. As the smaller families 
contributed little power, all subsequent Weller simulations were performed with the 
18 half-sibships containing five or more offspring. This meant that a single Type 1 
threshold could be used (assuming that all 18 sires were informative; see Table 3. 1), 
and comparisons between Weller et at. 's (1990) least squares approach and the 
likelihood method of Simlink could be made. 
Table 3.1: Effect of small half-sibships on power to detect QTL using a 'Weller 
approach' half-sib design. Heritability was set to 0.5, QTL effect was 1.0 phenotypic 
standard deviation, and a significance threshold of 0.05 was used. Ten thousand replications 
were performed. The number of informative sires was less than the actual number of sires 
because all offspring in small sibships can inherit the same sire marker allele. 
Minimum Number of Mean Average Average test Power 
sibship size sibships number of Type 1 statistic (x2 
informative threshold units) 
sires (2units) 
2 73 52.0 69.7 84.5 0.81 
3 42 36.5 51.5 64.5 0.80 
4 25 23.1 36.0 46.7 0.78 
5 18 17.5 28.3 37.7 0.76 
3.3.2 Comparison of the Weller and Simlink approaches for the half-sib design. 
Both methods were used to investigate the power of detecting linkage to a QTL for 
the half-sib design. For a QTL of effect 0.5 - 1.0 phenotypic standard deviation, with 
no recombination between marker and trait loci, the methods yielded similar results 
(Table 3.2), although the Weller approach tended to give slightly higher power. This 
is perhaps unsurprising given that the Weller approach makes the assumption that all 
sires are heterozygous at the marker allele, whereas for the Simlink simulations a 
marker heterozygosity of 0.89 (see methods) was assumed. The maximum 
discrepancy in power between the two programs was 0.08. 
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Table 3.2: Comparison of the Weller approach and a LOD score approach (Simlink) for 
the half-sib design. Columns refer to the probability of obtaining LOD scores in the range 
0.5-3.0 for the Weller (VV) and Simlink (S) approaches. QTL effect ranged from 0.5 to 1.0 of 
a phenotypic standard deviation. Marker heterozygosity was 1.00 for the Weller approach 
and 0.89 for Simlink. Heritability was set to 0.5 in the Weller approach. Ten thousand 
replicates were performed for the Weller method and 100 for Simlink. The Weller approach 
used only sibships with five or more offspring. 
QTL 
effect (SD) 
0.5 (W) 0.5(S) 1.0(V) 1.0(S) 2.0(W) 2.0(S) 3.0 (W) 3.0(S) 
0.5 0.22 0.22 0.10 0.02 0.01 0.00 0.00 0.00 
0.6 0.33 0.30 0.15 0.14 0.03 0.01 0.00 0.00 
0.7 0.44 0.38 0.25 0.23 0.06 0.02 0.01 0.01 
0.8 0.56 0.49 0.35 0.31 0.10 0.10 0.03 0.01 
0.9 0.68 0.62 0.49 0.42 0.18 0.18 0.07 0.03 
1.0 0.78 0.72 0.60 0.52 0.30 0.27 0.14 0.10 
3.3.3 Comparison of mean LOD score between the extended MAX! pedigree and 
its constituent sibships. 
Table 3.3 compares the results obtained from Simlink using the extended pedigree 
and using the constituent half-sibships analysed separately. Mean LOD score and 
power were compared when recombination between marker and trait locus was set to 
0, 10 or 20 cM. Figure 3.3 illustrates the effect of QTL magnitude on mean LOD for 
all six scenarios considered (extended and half-sib pedigrees at three different 
recombination fractions). The mean LOD score was always greater for the extended 
pedigree than for the equivalent half-sib design. The relative difference between the 
two designs was greater when recombination fraction was lower. At 0 cM the 
extended pedigree mean LOD was 2.5-3.0 times greater than for the half-sib design, 
whereas at 20 cM the ratio was only 1.5-2.0. 
Table 3.3: Comparison between the extended MAXI pedigree and the MAXI descendant half-sib design using Simlink. Mean LOD score and 
probability of obtaining LOD score greater than 0.5 - 3.0 is shown for the two designs. Marker heterozygosity was set to 0.89, recombination fraction 
between marker and QTL was set to 0, 10 or 20 cM, and QTL effect was 0.5 -1.0 phenotypic standard deviations. All available half-sibships were used 
for the half-sib design. One hundred replications performed throughout. 
Recombination Extended pedigree Half-sib design 
fraction 
QTL Mean LOD Prob. Prob. Prob. Prob. Mean LOD Prob. Prob. Prob. Prob. 
effect (±SE) > 0.5 > 1.0 > 2.0 >3.0 (±SE) >0.5 >1.0 >2.0 >3.0 
(SD) 
0 	 0.5 0.676 (0.069) 0.49 0.24 0.06 0.02 0.246 (0.033) 0.22 0.02 0.00 0.00 
0.6 1.069 (0.093) 0.67 0.41 0.18 0.04 0.377 (0.047) 0.30 0.14 0.01 0.00 
0.7 1.557 (0.122) 0.78 0.56 0.32 0.17 0.551 (0.063) 0.38 0.23 0.02 0.01 
0.8 2.126 (0.150) 0.85 0.75 0.46 0.26 0.769 (0.080) 0.49 0.31 0.10 0.01 
0.9 2.769 (0.177) 0.92 0.82 0.60 0.40 1.033 (0.097) 0.62 0.42 0.18 0.03 
1.0 3.475 (0.203) 0.97 0.90 0.74 0.51 1.346 (0.115) 0.72 0.52 0.27 0.10 
10 	 0.5 0.403 (0.049) 0.34 0.10 0.01 0.00 0.183 (0.028) 0.11 0.03 0.00 0.00 
0.6 0.608 (0.067) 0.43 0.22 0.06 0.01 0.266 (0.039) 0.22 0.05 0.00 0.00 
0.7 0.860 (0.085) 0.55 0.38 0.09 0.03 0.366 (0.050) 0.25 0.13 0.02 0.00 
0.8 1.152 (0.105) 0.63 0.44 0.18 0.07 0.485 (0.062) 0.31 0.17 0.03 0.00 
0.9 1.485 (0.124) 0.77 0.56 0.26 0.11 0.623 (0.073) 0.42 0.19 0.05 0.03 
1.0 1.850 (0.143) 0.85 0.71 0.39 0.19 0.779 (0.084) 0.53 0.27 0.10 0.04 
20 	 0.5 0.239 (0.039) 0.19 0.08 0.00 0.00 0.141 (0.023) 0.05 0.02 0.00 0.00 
0.6 0.334 (0.050) 0.25 0.11 0.01 0.00 0.191 (0.030) 0.12 0.03 0.00 0.00 
0.7 0.448 (0.061) 0.26 0.19 0.05 0.00 0.244 (0.037) 0.20 0.04 0.00 0.00 
0.8 0.577 (0.072) 0.37 0.19 0.08 0.00 0.299 (0.044) 0.26 0.09 0.01 0.00 
0.9 0.729 (0.082) 0.43 0.25 0.08 0.03 0.355 (0.050) 0.27 0.10 0.02 0.00 







The relationship between pedigree design and power was similar to that of pedigree 
design and mean LOD score. Figure 3.4 (page 54) illustrates the probability of 
obtaining LOD scores in the range 0.5 to 3.0 for some of the models tested. When 
there was no recombination between the marker and the QTL, the extended pedigree 
had more than twice as likely as the half-sib design to obtain a LOD score of 2.0 and 
above, regardless of QTL effect. Power rapidly decreased with increasing 
recombination fraction between marker and QTL for both designs. 
4 
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QTL magnitude (Phenotypic standard deviations) 
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Figure 3.3. Plot showing mean LOD score obtained from using the extended MAXI pedigree, 
or the half-sibs within that pedigree, when a QTL of magnitude 0.5 —1.0 phenotypic SD is 
segregating. Recombination fraction between QTL and marker is set at 0, 10 or 20 cM. All 







3.3.4 Effect of marker heterozygosity on mean LOD score and power. 
I also examined the effect of marker heterozygosity on mean LOD score and power, 
for both extended and half-sib designs (Table 3.4). When marker heterozygosity was 
reduced from 0.89 to 0.50, mean LOD score for both designs was more than halved. 
However the extended pedigree still had a mean LOD score more than 2.5 times 
greater than that of the half-sib design. At the lower marker heterozygosity (0.50), 
the power to obtain a LOD score of 3.0 had decreased from the original value of 0.51 
to just 0.10 for the extended pedigree. 
3.3.5 Power to detect QTL in the Pére David's / red deer backcross pedigree 
used by Goosen (1997). 
The power (estimated with Simlink) to detect QTL in this series of five half-sib ships 
is given in Table 3.5 and illustrated in Figure 3.4. Mean LOD score and power are 
slightly lower than that of the extended MAXI pedigree. Note however, that the 
marker heterozygosity is close to 1 for the hybrid sires in this design, as most of the 
markers used by Goosen (1997) showed a fixed allelic difference between Père 
David's deer and red deer. It should also be remembered that Simlink uses a 
likelihood approach where no polygenic component is fitted. In practice Goosen 
(1997) used an ANOVA based approach in which polygenic contribution from the 
dams was fitted. The consequences of not fitting a polygenic component in these 
simulations is discussed in section 3.4, although for now it is worth noting that by not 
fitting any polygenic effect the simulated power is unlikely to be upwardly biased, 
i.e. the tests are conservative. 
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Table 3.4: Effect of marker heterozygosity on mean LOD score and power. 
Mean LOD score and probability of obtaining a LOD score greater than 0.5-3.0 for the extended MAXI pedigree and the half-sib design. QTL effect was 
1.0 SD, recombination between marker and QTL was 0 cM and 100 replicates were performed. All calculations were performed using Simlink. 
xtencied pedigree Half-sib design 
Marker Marker Mean Prob. Prob. Prob. Prob. Mean LOD±SE Prob. Prob. Prob. Prob. alleles heterozygosity LOD±SE >0.5 >1.0 >2.0 >3.0 > 0.5 > 1.0 > 2.0 > 3.0 2 0.500 1.355 (0.110) 0.76 0.51 0.23 0.10 0.518 (0.065) 0.33 0.15 0.05 0.01 3 0.667 2.062 (0.150) 0.85 0.73 0.44 0.25 0.838 (0.081) 0.58 0.31 0.14 0.01 4 0.750 2.565 (0.172) 0.93 0.79 0.57 0.32 0.977 (0.088) 0.62 0.41 0.14 0.03 5 0.800 2.971 (0.181) 0.91 0.87 0.69 0.43 1.158 (0.106) 0.68 0.45 0.16 0.08 6 0.833 3.183 (0.186) 0.97 0.88 0.67 0.50 1.246 (0.107) 0.71 0.49 0.23 0.09 7 0.857 3.230 (0.186) 0.95 0.90 0.73 0.47 1.302 (0.113) 0.72 0.49 0.23 0.09 8 0.875 3.336 (0.195) 0.95 0.90 0.73 0.51 1.322 (0.113) 0.73 0.49 0.24 0.10 
UA 	 9 0.889 3.475 (0.203) 0.97 0.90 0.74 0.51 1.346 (0.115) 0.72 0.52 0.27 0.10 
-'-- 
Table 3.5 LOD score and power for half-sib pedigrees used by Goosen (1997). Power is 
similar to that for the extended MAXI pedigree. QTL magnitude was 0.5-1.0 phenotypic 
standard deviations. Recombination fraction was set to 0, 10 or 20cM. Marker heterozygosity 
was 0.89. One hundred replications were performed throughout. All calculations were 
performed using Simlink. 
Recombination 
fraction 
QTL effect Mean LOD 
score 
SE P>0.5 P>1.0 P>2.0 P>3.0 
0 0.5 0.777 0.082 0.51 0.32 0.11 0.02 
0.6 1.180 0.115 0.65 0.45 0.25 0.09 
0.7 1.641 0.151 0.67 0.58 0.38 0.20 
0.8 2.155 0.188 0.73 0.61 0.44 0.34 
0.9 2.699 0.226 0.79 0.66 0.56 0.39 
1.0 3.253 0.264 0.84 0.71 0.60 0.46 
10 0.5 0.409 0.058 0.26 0.10 0.04 0.00 
0.6 0.633 0.080 0.42 0.22 0.09 0.01 
0.7 0.902 0.104 0.51 0.35 0.12 0.08 
0.8 1.202 0.129 0.58 0.47 0.24 0.11 
0.9 1.525 0.154 0.66 0.52 0.31 0.16 
1.0 1.854 0.180 0.70 0.57 0.39 0.25 
20 0.5 0.256 0.051 0.15 0.09 0.02 0.01 
0.6 0.371 0.067 0.24 0.11 0.04 0.02 
0.7 0.510 0.084 0.34 0.16 0.06 0.03 
0.8 0.665 0.100 0.40 0.21 0.10 0.05 
0.9 0.836 0.115 0.48 0.28 0.11 0.06 
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Figure 3.4 Power curves for extended MAXI pedigree and various half-sib designs. 
Curves show the probability of obtaining LOD scores in the range 0.5-3.0. The vertical line 
represents a LOD score of 2.34, equivalent to a genome-wide significance level of 0.05 
when 100 markers are screened (see section 3.4). When a QTL of 1.0 SD is segregating 
and there is no recombination between the marker and QTL, the extended pedigree has a 
power of 0.67, whereas the half-sib design has a power of 0.21 and the half-sib design of 
Goosen (1997) has a power of 0.56. Power decreases if the QTL magnitude is reduced or if 
recombination is increased. All calculations were performed using Simlink. 
- 	 S S_%., S 	 I Sfl., 
3.4 Discussion 
I have demonstrated that the probability of detecting QTL in the Rum study 
population is greatly increased if an extended pedigree rather than a simple half-sib 
design is used (see also Slate et at. 1999). This is the first time that complex 
pedigrees have been considered for mapping QTL in any wild population and the 
results are encouraging. A number of field studies could now produce pedigrees 
several generations deep, and similar to the one used in this analysis. However, it 
should be stressed that even using the extended pedigree only QTL of major effect 
can be detected in this population. 
Why does the extended pedigree yield greater power than the half-sib design? The 
extended pedigree uses genotype and phenotype information for all individuals, and 
by tracing marker alleles down the pedigree, calculates the likelihood of a major 
gene segregating. In other words, both between and within family information is 
considered. In contrast, the half-sib design uses only within-family information. 
With a real QTL mapping data set, one would probably perform a test that compares 
a model of QTL and background polygenic effect against a model which had only a 
polygenic effect. My comparison of a half-sib design and an extended pedigree used 
a model of QTL linked vs. QTL present but unlinked. Strictly speaking, to perform a 
power comparison between the half-sib and extended pedigree designs, the test 
statistic distribution under the null hypothesis of a QTL segregating but unlinked to 
the marker is required for both designs. For an extended pedigree it has been shown 
that this can be described by a 50:50 mixture of a x2  with d.f = 1 and a point mass at 
zero (Lander and Krugylak 1995). For the half-sib design the test statistic under the 
subtly different null hypothesis of no QTL present follows the same distribution 
(Baret et at. 1998). It has been demonstrated for the half-sib design, that the test 
statistic for an unlinked segregating QTL has a similar distribution to the case of no 
QTL segregating (Le Roy and Elsen 1995). In fact the mean test statistic is slightly 
larger for the former case, suggesting that my comparison between the extended 
pedigree and the half-sib design is conservative. In my half-sib simulations the 
Weller approach gave marginally higher power than Simlink, although this may be 
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caused by the slightly higher marker heterozygosity used for the Weller approach. It 
should also be pointed out that my approach does not account for any polygenic 
variation that may be segregating. However, there is no evidence that ignoring a 
polygenic effect inflates the test statistic. Knott and Haley (1992) simulated a 
polygenic component in a full-sib design and showed that a QTL linked vs. QTL 
unlinked test gave a lower test statistic than one where polygenic effect was fitted 
(QTL linked + polygenic component vs. QTL unlinked + polygenic component). 
Again this suggests that the test used here may be conservative. 
A contentious area of QTL mapping is that of significance thresholds. Lander and 
Kruglyak (1995) discussed the criteria that should be used for assigning linkage. A 
common problem is that when carrying out a genome-wide scan for QTL, multiple 
testing leads to false assignment of linkage because of Type I error. However, 
imposing too strict a value for significance may wrongly reject any suggestions of 
linkage that are found (Type II error). Traditionally a LOD score of 3 has been used 
to assign linkage. However Lander and Kruglyak (1995) suggest a different 
approach: the use of a genome-wide significance level to find what they term 
'significant linkage'. This is defined as statistical evidence expected 0.05 times in a 
genome-wide scan. In Chapter 7 I describe how these thresholds can be calculated as 
a function of genome length and chromosome number (a LOD score of 3.0 was 
chosen with the length of the human genome in mind). As the deer map (described in 
Chapter 6) was of unknown length when the simulations were run these thresholds 
were not calculated at the time. However, if one were to carry out a genome-wide 
scan using 100 markers (a realistic number of markers for a natural population 
screening), an experiment-wide error rate of 0.05 could be approximated using a 
Bonferroni correction so that a' = 1 - (1 - 0.05) 1/100 = 5.13 x 10 4 . Using the 
approach of Baret et at (1998) this significance level corresponds to a LOD score of 
2.34. In other words, rather than using a LOD score of 3.0 to assign linkage, a LOD 
score of 2.34 could be used for an experiment-wide significance level of 0.05. For 
the MAXI pedigree this equates to a power of about 0.67 (rather than 0.51) when a 
QTL of effect 1.0 SD is segregating, and there is no linkage between marker and 
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QTL (see Fig. 3.4). It should be stressed that the extended pedigree far out-performs 
the half-sib design regardless of significance threshold. 
Although the power to detect QTL is high only in a somewhat idealised situation 
(highly polymorphic markers, QTL of very large effect, and low recombination 
fraction between marker and QTL), further considerations may increase this power. 
In Chapter 2 I described how a number of environmental factors were known to 
influence fitness components in the study population. Controlling for these variables 
will serve to increase the proportion of the residual variation explained by the QTL. 
In other words, the apparent heritability of the trait determined by the QTL will 
increase, as will the power to detect the QTL. Mapping projects in wild populations 
may also be able to draw on previous work carried out in closely related laboratory 
or farmed species where QTL for a trait of interest have been identified. If one knew 
the likely location of a QTL, then extra markers could be screened in that 
chromosomal region, hence reducing the recombination fraction between the QTL 
and marker(s). Alternatively only markers linked tightly to the candidate region 
could be typed and less stringent significance thresholds used. Again, this would 
increase the power to detect QTL. There is increasing evidence from the plant 
breeding literature that QTL affecting particular traits are found in syntenic genomic 
regions across species (Kearsey and Farquhar, 1998). To date there has only been 
one attempt to map QTL for birth weight in deer, and that involved a cross between 
two species (Goosen 1997; Goosen et al. 1998). For the purposes of this study a 
candidate region approach is not yet a viable option, although it may be justifiable to 
use a lower significance threshold in regions where birth weight QTL have been 
previously described. 
For my simulations I only performed linkage analysis with single-point markers. 
Interval mapping and multipoint analysis (in which information from all markers on 
a chromosome are used simultaneously) would reduce much of the loss of power 
observed when recombination occurs between marker and QTL (Lander and 
Botstein, 1989; Knott et al. 1996). For example, when a QTL of effect 1.0 SD is 
segregating and there is no recombination, the power for a mean LOD> 3.0 is 0.51 
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in the extended pedigree. At 10 cM the power is only 0. 19, and at 20 cMjust 0.03. 
Multipoint mapping would partially alleviate this problem, and the effect would be 
most noticeable when markers are spaced at wide intervals (Fulker and Cardon, 
1994). For the purposes of this study, a relatively small number of markers will be 
used, and so multipoint analysis will aid QTL detection. Multipoint mapping has the 
additional advantage over single-point mapping that other QTL parameters such as 
magnitude and location can be estimated (Lander and Botstein, 1989). Most 
multipoint mapping procedures developed thus far are applicable to sib-pair (Lander 
and Botstein, 1989; Fulker and Cardon, 1994) or half-sib (Haley and Knott, 1992; 
Knott et al., 1996) families. However, a recent study (Almasy and Blangero, 1998) 
described a method in which large complex pedigrees can be analysed by multipoint 
linkage. The number of alleles shared identical ly-bydescent (IBD) at marker loci is 
used to estimate alleles IBD at various points along a chromosome for all relative 
pairs within a pedigree. Variance-component maximum likelihood linkage analysis is 
then performed on the overall pedigree to indicate the presence of a QTL. New 
statistical approaches like these make QTL mapping in the Rum population a 
possibility. 
The Simlink software was used to make a comparison in power between the 
extended MAXI pedigree and the half-sib design used by Goosen (1997). The power 
of the two designs was similar, with that of the extended MAXI pedigree perhaps 
marginally higher, suggesting that if the QTL found by Goosen (1997) are also 
present in the Rum population they should be detected. However, it must be 
remembered that all five hybrid sires in the half-sib design were heterozygous at the 
majority of marker loci. Heterozygosity is expected to be lower within the Rum 
population. Furthermore, QTL are likely to be of larger effect in the pedigree used by 
Goosen (1997) as a cross between two species was involved. As expected, marker 
heterozygosity had a significant impact on ability to detect QTL. For both the 
extended pedigree and the constituent half-sibships, a heterozygosity of 0.8 gave 
about twice the LOD score of a heterozygosity of 0.5. Microsatellite loci typically 
have heterozygosity values in the range 0.5 - 0.8, although this varies from species 
58 
to species and population to population. Heterozygosity values for markers screened 
in the Rum population are given in Chapter 4 
In summary, I conclude that QTL detection in the Rum population is possible, but 
unlikely unless loci of very large effect are segregating. It may be that it is only 
possible to detect QTL because the study population has been pedigreed for several 
generations. As new statistical software is developed, QTL mapping studies in other 
natural populations may become commonplace, but the ability to perform such 
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4 Obtaining and screening microsatellite markers 
4.1 Introduction 
Microsatellites are abundant, codominant Mendelian markers consisting of tandem 
repeat sequences of 1-5 base pair motifs. Since 1989 it has been realised that they are 
readily amplified by PCR (Litt and Luty 1989; Tautz, 1989; Weber and May 1989), 
and by virtue of their high mutability by slippage processes during replication, highly 
polymorphic. Consequently, over the last decade microsatellites have become the 
genetic marker of choice for population genetics, genetic mapping, paternity 
inference and conservation biology studies (Queller et al. 1993; Jarne and Lagoda 
1996; Goldstein and SchlOtterer 1999). 
Microsatellites are amplified by PCR using primers that recognise unique sequences 
flanking the repeat motif The resulting product is electrophoresed through a 
polyacrylamide gel to separate alleles of differing length. The alleles are then 
visualised using autoradiography or other detection systems, and scored by 
comparing the distance they have migrated with a known size standard. Hence, allele 
sizes can be stored in a database, and cross-gel comparisons made. Because the 
amplification process is PCR-based, only small amounts of tissue are required, and in 
principle 'difficult' template material such as hair, faeces and bone can be used 
(Queller et al. 1993). A major advantage of microsatellites in mapping studies is that 
as many as 15 loci per individual can be run on gels simultaneously, provided 
fluorescent primer technology and a judicious choice of markers are used. 
Perhaps the major disadvantage of microsatellites as genetic markers is that the 
mutation process is not fully understood (Amos 1999), making inferences about 
genetic differentiation problematic. Additionally it is apparent that null alleles 
(whereby a deletion in the flanking sequence causes the non-amplification of 
particular alleles) are common (Callen et al. 1993; Pemberton et al. 1995), leading to 
an excess of individuals scored as homozygotes and cases of apparent non-
Mendelian inheritance. A further drawback of microsatellites is that cloning them 
can be time-consuming and expensive (Jarnë and Lagoda 1996). Finally, although 
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microsatellites are generally regarded as selectively neutral, there is limited evidence 
that they may play a functional role and could be associated with phenotypic 
variation (Kashi et al. 1997). 
Broadly speaking, genetic maps are constructed with two distinct goals: to perform 
linkage analysis, and to study the evolution and organisation of genomes. 
Unfortunately, separate classes of marker are required to address each of these areas. 
To study genome evolution, the most informative markers are conserved across 
distantly related species, and are typically gene-encoding. Thus the linkage order of 
functionally important homologous loci can be compared across genomes. These loci 
were formally termed Type I loci by O'Brien et al. (1993). Allozyme loci and gene-
probed RFLPs fall into this category of marker. Unfortunately Type I loci are 
generally fixed within a species, making them unsuitable for linkage analysis. 
Suitable markers for linkage analysis are highly polymorphic within a species, and 
need not be gene-encoding or conserved across distant taxa. These markers are 
termed Type II loci (O'Brien et al. 1993), and include micro satellites, minisatellites 
and amplified fragment length polymorphisms (AFLPs). One of the principal 
motivations for constructing the deer genetic map was to study the evolution of 
ruminant chromosomes (Tate 1997) and so evolutionarily conserved Type I loci were 
initially mapped in deer. At the outset of my study only 18 microsatellites were 
mapped (Tate et al. 1994), clearly an insufficient number to perform a genome wide 
search for QTL. This chapter describes how I developed a large panel of 
microsatellite markers suitable for screening in the Rum population. 
Although Type I loci are better conserved across mammalian orders, it has been 
demonstrated that primers for some microsatellite loci can amplify products across 
species (Moore et al. 1991; Crawford et al. 1994; FitzSimmons et al. 1995; de 
Gortari et al. 1997) and even more distant taxa (Gemmell et al. 1997). In addition to 
saving time and effort in the laboratory, cross-species utilisation of microsatelliteloci 
allows comparative maps between related species to be built. A number of studies 
that tested cattle microsatellite primers across species suggested that around 60% 




OBTAINING MICROSATELLITE MARKERS 
et al. 1997) and goats (Pepin et al. 1995). Indeed, the first sheep genetic map 
contained only 86 microsatellites cloned in sheep compared to 126 taken from the 
bovine map (Crawford et al. 1995). Earlier studies have also shown that cattle 
microsatellites are conserved in deer (Engel et al. 1996; Kuhn et al. 1996; Talbot et 
al. 1996), although a conservation rate of less than 60% is predicted, as deer are 
more diverged from cattle than are sheep (Modi et al. 1996). With this in mind, I 
collected microsatellite primer pairs isolated from cattle, sheep and other ruminants 
from as many sources as possible. In this chapter I describe how I used these primers 
to 
. Derive a panel of microsatellite primers that were conserved in deer, and 
polymorphic in the Rum population. 
• Screen the polymorphic loci in the MAXI pedigree that was used in the 
simulations described in Chapter 3. 
4.2 Testing ruminant primers in red deer and other species 
Primers for a total of 354 microsatellite markers were tested in red deer. A subset of 
174 primer pairs was also screened (with colleagues, see below) in sika deer (Cervus 
nippon) and Soay sheep (Ovis aries). Species of origin included cattle (Bos 
domesticus), domestic sheep (Ovis aries), red deer (Cervus elaphus), caribou 
(Rangifer tarandus) and gazelle (Gaze/la gazella). A list of the scientists who 
donated primers is given in Table 4.1. 
4.2.1 Animals screened at each locus 
The loci donated by Dr John Williams were tested in a more systematic way than the 
other loci in a collaborative project with Drs S Goodman and D Coltman (University 
of Edinburgh), who required amplifiable microsatellite loci in related ruminants 
(Slate et al. 1998). Simon Goodman required microsatellites with fixed allelic 
differences between red deer and sika deer, so that hybrids on the Kintyre peninsula, 
SW Scotland could be identified (Goodman et al. 1998). Dave Coltman required 
polymorphic markers to conduct paternity analysis in a free-living population of 
Soay sheep on St. Kilda, Scotland (Coltman etal. 1999a). 
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Table 4.1 Sources of microsatellite primer pairs donated for attempted amplification in 
red deer. Approximately half of the primer sets were obtained from Dr John Williams (Roslin 
Institute). 
Donor 	 Academic Institution 	No. primer 	Source Species 
pairs donated 
Josephine Pemberton University of Edinburgh 49 Cattle, sheep, 
(this laboratory) red deer 
John Williams Roslin Institute, Edinburgh 174 Cattle 
Allan Crawford AgResearch, New Zealand 50 Cattle, sheep 
David MacHugh Trinity College, Dublin 36 Cattle, sheep 
Ralph Kuhn University of Munich 12 Cattle 
Greg Wilson University of Alberta 9 Caribou 
Mark Hughes University of Liverpool 9 Cattle 
Rob Hammond Institute of Zoology, London 5 Gazelle 
An initial screening panel consisted of DNA from two red deer, two sika deer, two 
Soay sheep, one Père David's deer and one cow. At this stage, the standard PCR 
conditions described in Appendix B were used, with a MgC1 2 concentration of 2.5 
mM. Loci that gave a product in any of the non-source species were then evaluated 
over a range of PCR conditions for each species using the following larger sets of 
individuals. 
• The deer International Mapping Herd (IMIH) was screened (by the author) to 
investigate polymorphism in red deer, and to map the locus (see Chapter 6). The 
IMH consists of two pure Père David's deer, two Père David's x red deer Fl hybrid 
sires and a total of 89 progeny of the hybrids, produced from back-crossing with red 
deer hinds. 
• A red deer / sika deer test panel was screened (by SG) to find informative markers 
for hybrids between the two species. The panel contained seven red deer from 
Cowal, Scotland, in addition to four sika deer from Kintyre, Scotland, and four sika 
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• The Soay sheep test panel (screened by DC) comprised six unrelated sheep from 
Hirta, St. Kilda, Scotland. 
In order to identify the most suitable markers for each of the three studies, a number 
of PCR optimisation steps were performed in the species-specific test panels. 
Amplification was attempted across a range of alternative annealing temperatures, 
typically in 2°C increments over the range 46-58°C. Different MgCl 2 concentrations 
were tested, usually in 0.5 mlvi increments between 1.5mM and 3.5 mM. If 
amplification was still sub-optimal, varying quantities (between 5-10% of the overall 
reaction volume) of DMSO and TMACIDE (see Appendix B) were added to the 
PCR reaction mixture in an attempt to enhance amplification of products (Gemmell 
1997). If a microsatellite was observed to be conserved in one deer species, a 
concerted effort was made to determine whether a product could be amplified in the 
other species. 
I tested the remaining 180 loci (see Table 4.1) in red deer only, and in a less 
systematic manner. Typically around 20 Rum red deer were used, often with a source 
species control animal, and usually over a range of MgC1 2 and annealing temperature 
conditions. 
4.2.2 Description of PCR products 
If a PCR product was polymorphic with 'stutter' bands typical of a microsatellite, 
and of similar size to that observed or predicted in cattle, then it was regarded as the 
target bovine microsatellite locus, conserved across species. A monomorphic PCR 
product was only considered to be the conserved target microsatellite if the band 
showed a distinctive 'stutter' pattern, and was within 10 base pairs of the size range 
of the observed cattle product. If a monomorphic product was not within 10 bp of the 
observed size in cattle, or did not show a stutter pattern, then the PCR product was 
regarded as non-specific and the locus was considered not conserved in the test 
species. If no PCR product was amplified the same conclusion was reached. 
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4.2.3 Conservation of bovine microsatellites across species 
In describing the results for the 354 loci tested in red deer, it is reasonable to 
distinguish those donated by John Williams (Roslin Institute) from the remainder. 
First, these loci were screened in three different species, whereas the others were 
largely only tested in red deer. Second, the Williams primers were tested in a 
systematic way, using a wider variety of PCR conditions. Details of the conservation 
and polymorphism of the Williams loci are given in Appendix C and in Slate et al. 
(1998). A brief summary is provided in Table 4.2. Results for the remaining loci, 
tested in red deer only are given in Appendix D. 
Table 4.2. Summary of the conservation across other ruminants of the bovine 
microsatellite primer pairs donated by Dr John Williams (Roslin Institute). The number 
and proportion of loci amplifying a product, and of loci polymorphic in the three test species 
are described. The mean number of alleles per locus is derived from the species specific 
panels, rather than the initial test panel. 
Species Loci giving Loci Mean no. of 
microsatellite product polymorphic alleles (SD) 
Red deer 129/174 (74.1%) 72/129 (55.8%) 3.4 ± 2.9 
Sika deer 126/171 (73.7%) 47/126 (37.3%) 1.6 ± 1.0 
Soay sheep 127/173 (73.4%) 54/127 (42.5%) 1.8 ± 1.2 
Although tested in a less rigorous manner than the Williams loci, the remaining 
microsatellite loci had a higher conservation rate (146/180 = 8 1.1%) in red deer. This 
is probably attributable to the fact that some of these loci were initially isolated from 
red deer and caribou, and so a higher amplification rate in red deer is expected for 
these loci. Additionally a number of the markers isolated from sheep and cow had 
previously been demonstrated to amplify a product in red deer (e.g. those donated by 
Ralph Kuhn, University of Munich). Therefore, the following discussion on cross-
species amplification of microsatellites refers only to the Williams loci. 
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In their study de Gortari et al. (1997) tested 1036 bovine primers in sheep and found 
that 605 (58%) amplified a locus. Here the proportion of bovine markers amplifying 
a microsatellite was significantly higher in all three species tested: 
• Red deer (this study) vs. domestic sheep (de Gortari): x2 = 15.47, d.f =l,p < 0.001 
• Sika deer (this study) vs. domestic sheep (de Gortari): x2 = 14.36, d.f. l,p <0.001 
• Soay sheep (this study) vs. dom. sheep (de Gortari): x2 = 13.99, d. f. =l,p <0.001. 
Amongst other (smaller) studies testing bovine primers in deer, KUhn et al. (1996) 
reported a 52 % amplification rate (27 loci tested, 14 amplifying a product), while 
Engel etal. (1996) described a lower still amplification rate of 40%. The higher level 
of cross-species amplification reported here is probably attributable to the wide 
variety of PCR conditions used for each locus. Of the other studies mentioned above, 
only KUhn etal. (1996) optimised PCR conditions for all primers tested. 
Another explanation for the high rate of cross-species amplification rate found in this 
study may be that there was a bias in the loci used (de Gortari et al. 1997), since they 
were initially selected for ease of use and high polymorphism content in cattle. 
However a detailed comparison with the data from de Gortari et al. (1997), in which 
loci were randomly chosen, suggests any such bias is unlikely. Seventy nine of the 
markers used in this study were also used by de Gortari etal. (1997). They found that 
49 (62.0%) of these markers gave a product in domestic sheep. This is not 
significantly different from the remainder of markers giving a product in domestic 
sheep in that study (49/79 vs. 556/907: X 2 = 0.463, p = 0.496, ns). Furthermore, in 
the de Gortari et al. (1997) study, these 49 markers did not have a higher mean 
number of alleles in domestic sheep (2.9 ± 1.8 SD), than did the remainder of the 605 
loci (3.2 ± 2.1 SD). On this basis there is no reason to suspect that the loci used in 
this study are biased in their degree of conservation across species, or have an 
upward bias in the number of alleles in the non-source species. 
A third source of variation between this study and others could be that different 
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distinguish a monomorphic microsatellite from a spurious PCR band, one would 
sequence the product to check that it was the actual target microsatellite. I ran a cattle 
control alongside test species, and only declared a monomorphic product as the 
conserved target microsatellite if it was within 10 bp of the cattle size range and 
displayed a distinctive 'stutter' band typical of a microsatellite. De Gortari el al. 
(1997) did not describe their criteria for deciding which monomorphic products 
represented conserved microsatellites, but did not sequence PCR products. Thus, the 
criteria used in this study appear to be at least as conservative as similar studies. 
Deer are thought to have shared a common ancestor with cattle 20-25 million years 
ago (MYA), while sheep and cattle are thought to have diverged more recently at 15 
MYA (Modi et al. 1996). Hence, it is perhaps surprising that the two deer species 
showed a conservation rate as high as Soay sheep. This is probably explained by the 
extra effort employed in testing a marker in one deer species if a product was 
amplified in the other. Only two loci (HUll 177 and TGLA13) amplified a product in 
just one of the two deer species. It seems likely that an even greater proportion of 
bovine microsatellites might be useful in sheep if further effort is made to optimise 
PCR conditions. 
Amongst the Williams loci, red deer had a greater mean number of alleles than either 
Soay sheep or sika deer. This may in part be due to the fact that more red deer 
(effectively n = 52 red deer, as each 1MH backcross progeny receives a single red 
deer allele from its mother) were screened than either of the other species (n = 8 sika 
deer, n = 6 Soay sheep). However, it should also be noted that in contrast to red deer 
both of the other species have a history of small population sizes, and probably have 
depressed levels of genetic variation. The sika deer sampled in this study were the 
result of introductions of small numbers to Scotland from Asia (Abernethy 1994). 
Soay sheep are an ancient breed isolated on islands in the St Kilda archipelago, 
Scotland for many generations (Bancroft et at. 1995). 
Pêre David's deer are expected to have very little genetic variation, due to hunting to 
near extinction, culminating in a captive breeding population of under 20 individuals 
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(see Chapter 6). Two previous studies (Woodruff and Ryder 1986; Emerson and Tate 
1993) have examined levels of allozyme variation in Père David's deer, and between 
them found polymorphism at only one of 41 loci tested, supporting this prediction. 
Twelve out of the 174 Williams markers tested gave a heterozygous product in at 
least one of the two Père David's deer. Thus, the limited genetic variation in Père 
David's deer is more readily detectable by microsatellites than allozymes. The 12 
informative markers were BM1225, BM757, IDVGA46, ILSTS6, ILSTS93, INRA5, 
JNRA37, IINIRA107, RM12, SPS113, TGLA226 and TGLA431. 
There are two main conclusions that can be made from this cross-species 
amplification study. The first is of general interest to the ruminant genome mapping 
community and the second specific to this thesis. 
It is apparent that primer sites flanking ruminant derived microsatellites and the 
repeat itself are more highly conserved across closely related species than previously 
reported. Fries (1993) first suggested that the bovine map can be used as a master 
map to establish genetic maps of other ruminants. This study provides further support 
that it should be possible to construct a relatively dense comparative map of this 
agriculturally important taxon using Type 2 (e.g. microsatellites) as well as Type 1 
(e.g. RFLPs and allozymes) loci. In Chapter 6 I describe how I mapped a number of 
bovine derived microsatellites in red deer, and show that the majority of these 
markers have a conserved location and order between cattle and deer. 
The primary motivation for testing microsatellite markers in deer was to develop a 
panel of highly variable microsatellites suitable for performing a genome-wide 
search for QTL in the Rum population. Of 354 primer sets tested, 269 (76.0%) 
amplified a microsatellite in red deer, of which 160 (59.4% of loci conserved, 45.2% 
of loci tested) were polymorphic. Clearly a large panel of suitable markers was 
characterised far more rapidly than if I had attempted to clone microsatellites from 
red deer genomic DNA :  Additionally, most of the markers were already mapped in 
other ruminants making comparative mapping and candidate gene studies between 
deer and other ruminants a possibility. 
CHAPTER 4 
	
OBTAINING MICROSATELLITE MARKERS 
4.3 Screening microsatellites in the MAX! pedigree. 
A locus was regarded as suitable for screening in the MAXI pedigree if it was 
polymorphic, reliably amplified by PCR, and reasonably easy to score. Of the 354 
primer pairs tested in red deer, a total of 160 loci gave polymorphic products. From 
this subset, 84 were regarded as sufficiently polymorphic and easily amplifiable to be 
screened in the Rum population. Of these, ten had previously been screened for 
around 1,200 individuals (by myself) for paternity analysis, and are described in 
Marshall et al. (1998). The remaining 74 loci were screened in a 'MAXI mapping 
panel' using methods described in Appendix B. This panel of animals included 
MAXI, all of his descendants for whom birth weight was recorded, and a number of 
'married-ins' (i.e. unrelated individuals with whom MAXI or his descendants had 
mated). The identity and details of each of the 84 loci are given in Table 4.3. 
Note that the final mapping panel contained only 365 individuals whereas the MAXI 
pedigree used in the simulations described in Chapter 3 contained 416 individuals. 
The extra animals, exclusive to the simulation pedigree, were either unsampled or 
not weighed at birth. However, the simulations did incorporate the fact that these 
animals were relatively uninformative. Thus, the actual power to detect QTL in the 
slightly smaller genotyped MAXI pedigree is unlikely to be significantly lower than 
the estimated power obtained by simulation. 
Although selected for both high polymorphism and ease of use, eight microsatellite 
loci were difficult to interpret on gels. Rather than risk mis-scoring these loci, I 
pooled adjacent alleles. This method inevitably reduces the number of alleles and 
heterozygosity at the locus, but I believe is a more robust method than attempting to 
score all alleles. The assumptions that the markers are in Hardy-Weinberg 
equilibrium, co-dominant and inherited in a Mendelian manner should not be 
violated when applying this scoring technique. The markers for which alleles were 
pooled are indicated in Table 4.3. A number of markers also appeared to have null 
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alleles (Pemberton et al. 1995) segregating. I discuss the detection and consequences 
of these null alleles in greater detail in Chapter 5. 
Following the scoring of gels, genotypes were stored in a Microsoft Access database 
in which all life history, phenotypic and environmental data were also recorded. The 
summary statistics for each locus (see Table 4.3) were calculated using the 'allele 
frequency analysis' option of the paternity inference program CERVUS (Marshall et 
al. 1998). On average, 294.7 (SD 35.5) animals were typed at each locus. The mean 
number of alleles per locus was 7.0 (SD 2.9) and mean heterozygosity was 0.68 (SD 
0.19). Interestingly, MAXI had a higher individual heterozygosity (0.81) than any 
other deer. Although this is unsurprising given the history of the MAXI introduction it 
is nonetheless an asset in detecting QTL, as MAXI is informative at the majority of 
loci screened. The mean number of animals screened per locus is slightly 
disappointing, and largely explained by the fact that template DNA was often fairly 
degraded. A number of animals were sampled over 20 years ago, or were only 
sampled post mortem. Thus it was inevitable that the quality of template DNA was 
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Table 4.3. Loci screened in MAXI pedigree 
The table shows the number of genotypes per locus, the number of alleles, the expected 
heterozygosity under Hardy-Weinberg conditions, the exclusion probability (PrEx 1 ) when the 
other parent is not scored, exclusion probability (PrEx2) when the other parent is scored and 
the estimated error rate e1 Exclusion probabilities and error rates are described and applied 
in Chapter 5. 
Locus Number Number Het Pr Pr e,* Reference' 
scored alleles (Exp) (Ex 1) (Ex2) 
965 287 7 0.661 0.267 0.453 0 Kuhn etal. (1996) 
ABS12 325 8 0.827 0.487 0.660 0.007 Slate etal. (1998) 
AGLA293 316 3 0.086 0.004 0.043 0.073 Slate etal. (1998) 
BM1258 293 8 0.776 0.392 0.571 0 Bishop etal. (1994) 
BM1 329 291 4 0.689 0.265 0.435 0 Slate etal. (1998) 
BM1706 281 8 0.717 0.300 0.472 0.065 Slate etal. (1998) 
BM1815 270 8 0.730 0.328 0.508 0 Bishop etal. (1 994) 
BM1818 310 8" 0.766 0.366 0.544 0.151 Bishop etal. (1994) 
BM203 260 7 0.685 0.282 0.462 0.192 Slate etal. (1998) 
BM2934 P 321 5 0.681 0.261 0.424 0.056 Bishop etal. (1994) 
6M4208 314 11 0.857 0.548 0.711 0 Talbotetal. (1996) 
BM4513 283 iO 0.834 0.501 0.672 0 Slate etal. (1998) 
BM6506 211 en 0.649 0.227 0.385 0 Bishop etal. (1994) 
BM757 326 7 0.607 0.208 0.380 0.078 Slate etal. (1998) 
BM888 332 11 0.839 0.510 0.679 0.004 Slate etal. (1998) 
BR3510 276 5 0.695 0.288 0.468 0 Slate etal. (1998) 
CP26 333 9 0.691 0.285 0.454 0 Marshall etal. (1998) 
CSRM60 311 12 0.832 0.500 0.670 0 Kuhn etal. (1996) 
CSSM16 281 4 0.705 0.277 0.445 0 Kuhn etal. (1996) 
CSSM19 321 8 0.684 0.275 0.445 0 Kuhn etal. (1996) 
CSSM39 289 5 0.792 0.403 0.582 0.008 Slate etal. (1998) 
CSSM4I 292 9 0.732 0.329 0.508 0 Slate etal. (1998) 
CSSM43 P 300 6 0.796 0.410 0.589 0 Slate etal. (1998) 
CSSM66 277 8" 0.834 0.492 0.664 0.008 Kuhn etal. (1996) 
ETH225 288 6 0.652 0.231 0.390 0.114 Kuhn etal. (1996) 
FCB193 321 11 0.791 0.423 0.600 0.004 Marshall etal. (1998) 
FCB304 336 9 0.792 0.415 0.594 0 Marshall etal. (1998) 
FCB5 220 7 0.701 0.296 0.476 0.128 Buchanan etal. (1994) 
FSHB 296 9 0.754 0.356 0.533 0.084 Slate etal. (1998) 
HIS-Hi 314 2 0.246 0.030 0.108 0.038 Moore and Byrne (1993)t 
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Locus Number Number Het Pr Pr e,* Reference" 
scored alleles (Exp) (Ex 1) (Ex2) 
HUJ1 75 286 3" 0.637 0.202 0.348 0 Slate etal. (1998) 
HUJI177 P 281 6" 0.694 0.275 0.441 0 Slate etal. (1998) 
IDVGA37 243 7 0.756 0.350 0.526 0.022 Slate etal. (1998) 
IDVGA46 287 2 0.118 0.007 0.055 0.045 Slate etal. (1998) 
IDVGA55 306 6 0.792 0.406 0.585 0.015 Slate etal. (1998) 
IDVGA8 298 3 0.317 0.050 0.157 0.137 Slate etal. (1998) 
ILSTS12 276 on 0.836 0.502 0.673 0 Kemp et al. (1995) 
ILSTS33 P 249 6 0.687 0.264 0.431 0.185 Kemp etal. (1995) 
lLSTS6 P 279 8 0.770 0.381 0.560 0.159 Slate etal. (1998) 
ILSTS87 207 2 0.494 0.122 0.186 0 Kemp etal. (1995)t 
ILSTS93 300 7" 0.781 0.395 0.575 0.010 Slate etal. (1998) 
INRA11 279 11 0.683 0.298 0.486 0.107 Vaiman etal. (1992)t 
INRA121 323 18 0.871 0.590 0.743 0 Slate etal. (1998) 
INRA131 318 6 0.641 0.227 0.384 0.068 Slate etal. (1998) 
INRA35 316 8 0.848 0.526 0.693 0.037 Vaiman etal. (1994) 
INRA40 P 236 5 0.670 0.239 0.398 0.043 Slate etal. (1998) 
INRA6 330 5 0.321 0.052 0.159 0 Slate etal. (1998) 
JA138 178 3 0.327 0.053 0.162 0 Slate etal. (1998) 
JP14 263 6r1 0.716 0.295 0.464 0.074 J. Pemberton 
JPI5 339 9 0.835 0.497 0.668 0.017 Marshall etal. (1998) 
JP231 307 61 0.763 0.369 0.550 0.069 J. Pemberton 
JP27 324 6 0.692 0.275 0.443 0 Marshall etal. (1998) 
JP38 314 8 0.789 0.413 0.592 0 Marshall etal. (1998) 
MAF109 321 6 0.738 0.324 0.500 0 Marshall etal. (1998) 
MAF18 257 8 0.812 0.460 0.636 0.018 Crawford etal. (1990)t 
MAF35 308 6 0.669 0.257 0.428 0 Marshall etal. (1998) 
MCM527 P 282 4 0.743 0.319 0.493 0.110 Hulme etal. (1 994) 
MGTG4B 301 7 0.749 0.349 0.527 0.047 Slate etal. (1998) 
MM12 324 2 0.231 0.026 0.102 0.249 Kuhn etal. (1996) 
PGAZAC2 328 5 0.372 0.072 0.203 0.099 R. Hammond (pers. comm.) 
PRL 343 3 0.186 0.017 0.095 0.103 Fries etal. (1 993) 
RBP3 343 6" 0.747 0.337 0.514 0 Slate etal. (1998) 
RM12 322 10 0.787 0.416 0.593 0.034 Slate etal. (1998) 
RM188 294 10 0.810 0.453 0.630 0.044 Slate etal. (1998) 
RM4 356 2 0.140 0.010 0.065 0 Kossarek etal. (1993) 
RM90 317 5 0.688 0.257 0.418 0 McGraw etal. (1 997) 
72 
CHAPTER 4 	 OBTAINING MICROSATELLITE MARKERS 
Locus Number Number Het Pr Pr - e,* Reference1 
scored alleles (Exp) (Ex1) (Ex2) 
RM95 299 8 0.708 0.298 0.469 0.092 Kossa re k et al. (1994) 
RT1 290 8 0.835 0.494 0.665 0.001 Wilson et al. (1997) 
RT25 306 5 0.695 0.270 0.440 0.013 Wilson etal. (1997) 
RT5 266 8 0.767 0.364 0.542 0.012 Wilson etal. (1997) 
RT6 328 iO 0.722 0.324 0.500 0.046 Wilson etal. (1997) 
SPS113 317 10 0.762 0.372 0.550 0.015 Slate etal. (1998) 
TGLA10 314 8 0.754 0.351 0.527 0.040 Slate etal. (1998) 
TGLA127 324 10 0.841 0.523 0.690 0.007 Slate etal. (1998) 
TGLA226 P 281 4 0.343 0.060 0.181 0.254 Slate etal. (1998) 
TGLA322 277 14 0.881 0.605 0.756 0 Georges and Massey (1992) 
TGLA337 230 8 0.750 0.347 0.526 0.039 Slate etal. (1998) 
TGLA378 342 9 0.514 0.147 0.312 0 Slate etal. (1998) 
TGLA40 311 5 0.668 0.245 0.411 0.050 Slate etal. (1998) 
TGLA48 255 3 0.285 0.040 0.124 0 Fries etal. (1 993) 
TGLA86 317 5 0.737 0.328 0.507 0.240 Slate etal. (1998) 
TGLA94 326 8 0.802 0.445 0.621 0 Marshall etal. (1998) 
VH54 185 10 0.797 0.431 0.608 0.111 Pierson etal. (1994) 
VH98 277 7 0.532 0.154 0.317 0.142 Slate etal. (1998' 
Table Footnote 
A locus that was difficult to score and so alleles were pooled to minimise typing error. 
Null allele segregating at this locus. 
* Where estimated error rate was less than 0.01 it was regarded as 0.01 in the paternity 
likelihood calculations (see Chapter 5). 
First reference in which locus was described amplifying a product in red deer. 
Locus not previously known to amplify a product in red deer, in which case first reference in 
source species is quoted. 
In summary, a large panel of microsatellite markers was typed in members of the 
MAXI pedigree described in Chapter 3. The majority of markers were highly 
polymorphic, so that it should be possible to detect closely linked QTL of large effect 
on birth weight segregating in the pedigree. In Chapters 6 and 7 I describe how I 
mapped these markers and performed a QTL analysis. However, prior to performing 
these analyses it was essential to guarantee that inferred father-offspring 
relationships in the pedigree were correct. In Chapter 5 I describe how I confirmed or 





5 A reassessment of previously inferred paternities 
5.1 Introduction 
All of the mother—offspring relationships in the MAXI pedigree are known to be 
correct. Detailed field observation of mother and calf at or soon after birth makes 
mis-assignment unlikely. Furthermore, in the large-scale paternity analysis described 
in Marshall (1998), no genetic incompatibilities were discovered between mother and 
calf after ten highly polymorphic markers were screened. Conversely a proportion of 
the inferred father—offspring relationships in the MAXI pedigree are certain to be 
wrong. As discussed in Chapter 2, behavioural data has severe limitations for 
assigning paternity, even in the closely monitored Rum population. Thus the 172 
inferred paternities in the genotyped MAXI pedigree were all awarded using 
microsatellite data using the 80% or 95% confidence criteria generated by the 
paternity inference program CERVUS (Marshall et at. 1998). In this chapter I describe 
how I developed a likelihood approach, using data from all 84 microsatellite loci 
screened, to distinguish correctly inferred CERVUS paternities from those that were 
mis-assigned. Correcting the MAXI pedigree in this way was essential prior to 
attempting to map QTL. Additionally, this analysis allowed a retrospective 
assessment of the accuracy of the confidence assigned by CERVUS (Slate et at. in 
press). 
I briefly introduced the program CERVUS in Chapter 2. Here I describe the program 
in greater detail and explain the advantages of the likelihood approach it uses over 
alternative methods of inferring paternity. Until recently, the majority of paternity 
analyses in the wild using molecular techniques relied upon the method of exclusion 
(e.g. Morin et al. 1994; Brotherton et al. 1997; Hogg and Forbes 1997). In exclusion-
based paternity analysis any male that has a genotype incompatible with the 
offspring is rejected as the father until one male remains as the only possible father. 
This method is problematic as several males may remain non-excluded, or the correct 
father may be excluded due to typing error or mutation (San Christobel and Chevalet 
1997; Marshall et at. 1998). If microsatellite data are used the correct male can also 





these problems can be avoided is to use a likelihood-based approach (Thompson 
1975). Such techniques allow for typing error (Marshall et al. 1998) and can assign 
paternity to the most likely male if several males are non-excluded (Meagher 1986). 
Briefly, likelihood approaches use the available data to test alternative hypotheses 
(Edwards 1992). The probability of obtaining data D under a hypothesis H can be 
written P (DIET). The ratio of the probability of observing the data under one 
hypothesis (H i) compared with another hypothesis (H 2) is the likelihood ratio and is 
written: 
L(H1,H2 ID)= P(D(H1)  
P(DIH2 ) 
The natural logarithm of the likelihood ratio is termed the LOD score. Note that the 
genetic mapping community take the common (logio) logarithm of the likelihood 
ratio to calculate LOD scores. I adhere to this distinction throughout the thesis. The 
likelihood method of Marshall et al. (1998) estimates the LOD score for each 
candidate male where the two hypotheses H 1 and H2 are that the candidate male 
either is or is not the true father. The statistic A is the LOD of the highest ranking 
male minus the LOD of the next most likely male. By simulation, values of A are 
derived at which the most-likely male can be declared the father with relaxed (say 
80%) or strict (95%) confidence. The simulations incorporate a number of 
parameters including typing error, the number of candidate fathers, the proportion of 
candidate fathers actually sampled and missing genotypes in the data set. 
For the purposes of the paternity study performed by Marshall (1998), from which 
the MAXI pedigree was derived, the following simulation parameters were used: 
Number of candidate males 75 
Proportion of males sampled 0.65 
Proportion of loci typed 0.854 





The 172 inferred paternities in the MAX! pedigree were assigned with at least 80% 
confidence, so it is expected that around one fifth (34) of them will be incorrect. 
Having screened all of the animals concerned at up to 84 loci it was now possible to 
determine unequivocally which of the inferred paternities were incorrect, and to 
adjust the MAX! pedigree accordingly. 
5.2 Methods 
5.2.1 Identifying incorrectly inferred paternities 
The first stage in identifying incorrect paternities is to detect genetic mismatches 
between the CERVUS father and the calf This was done using the relational database 
software Microsoft Access, and writing a structured query language (SQL) query for 
each locus (see Appendix E). Once all of the parent—offspring mismatches were 
determined, autoradiographs were checked for cases where the mismatch was 
attributable to scoring error. Any errors were corrected in the database and the query 
re-run for that locus. Four mother-offspring pairs showed frequent mismatches and it 
was apparent that these were attributable to template DNA from four wrong animals 
being erroneously placed in the deep well trays. These animals (Av02, CLC9, COLC 
and TRT5) were removed from all subsequent analyses. 
A number of loci were known to have null alleles segregating (see Table 4.3) and so 
homozygote-homozygote mismatches between parent and offspring were ignored at 
these loci. An alternative strategy would have excluded all data for these loci from 
the analysis, although such an approach would have failed to utilise all of the 
available information. 
5.2.2 A likelihood method for reassessing paternities 
The original paternity assignment method of Marshall et al. (1998) tested a number 
of candidate males as possible fathers of each calf. In contrast I am testing a single 
male, in an attempt to confirm whether he really is the father of a given calf. The 
simplest method with which to do this would be to use exclusion. However, it is 





mismatch their offspring at some loci due to typing error or mutation. Hence, true 
fathers would be rejected. Here, I develop a new likelihood-based approach, taking 
into account locus-specific estimates of error rate, to reassess paternity and 
investigate the accuracy of CERVIJS. 
For the purposes of the likelihood equations two hypotheses are compared. The first 
is that the CERVUS assigned father is the true father, and the second is that the 
CERVUS assigned father is not the true father. The data used to test each hypothesis is 
either a genetic match or mismatch at each locus. A LOD score is calculated for each 
locus and then LODs are summed across all loci. A LOD score of zero implies that 
the CERVUS father is equally likely to be the true father as not the true father. A LOD 
of 3.0 means that the CERVUS father was 20 times more likely than not to be the true 
father. I used a LOD of 3.0 or more to confirm paternity and a LOD of less than —3.0 
to reject paternity. Any LOD between —3.0 and 3.0 was regarded as inconclusive. 
Four scenarios must be considered when deriving the likelihood equations: 
Male and calf matching at a locus when the mother is unsampled. 
Male and calf mismatching when mother is unsampled. 
Male and calf matching when mother is sampled. 
Male and calf mismatching when mother is sampled. 
To calculate the likelihood ratio under any of these scenarios two locus-specific 
parameters, the error rate and the exclusion probability, are required. 
Exclusion probability 
This was calculated for each locus using the allele frequency option of CERVUS. For 
each locus two exclusion probabilities are calculated. One, Pr(Ex i) is the probability 
of excluding a random male from paternity when the offspring is sampled but the 
mother is not. The second, Pr(Ex 2) is the probability of excluding a random male 
from paternity when both the offspring and mother are sampled. Formulae used to 
calculate these exclusion probabilities are given in Appendix 2 of Marshall et al. 






An initial estimate of error rate at each locus was calculated using the formula: 
e 	1 	.L 1 
2Pr(Ex1 )1 M1 
(from Marshall etal. 1998) 
where el = error rate at locus 1. 
mj is no. of mismatching mother-offspring pairs. 
M1 is no. of mother-offspring pairs compared. 
Pr(Exi)i is the exclusion probability at that locus (see above). 
This method assumes that each mother is only examined once, and that no single 
animal is analysed as both a calf and a mother. A number of animals in the MAXI 
pedigree appear in many mother-offspring comparisons, in which case a single 
comparison was randomly chosen so that no animal is included more than once. A 
total of 109 independent pairs was examined. Mother—offspring mismatches were 
detected using the SQL query given in Appendix E. 
As mother-offspring pairs are known with certainty from field data, and have been 
confirmed with genetic data (Marshall et al. 1998), a number of mismatching 
genotypes can be corrected at each locus by retrospectively checking 
autoradiograms. The proportion of genotypes corrected at a locus is simply the 
number of genotypes changed, divided by the total number of genotypes. 
The final error rate at each locus is the initial estimate of error rate minus the 
percentage of genotypes corrected. The final error rate at each locus is given in Table 
4.3. An error rate of less than 1.0% was considered unlikely in a large-scale genome 
screen. Thus, to be conservative, any locus with an estimated final error rate of less 
than 1.0% was set to 1.0%. Note that only four correctable mother-offspring 
mismatches were discovered for the nine microsatellite loci used in the analysis by 
Marshall etal. (1998). 
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Derivation of likelihood equations 
I first consider the two scenarios where the mother is not sampled. 
For a true father and calf, the probability of both father and calf being correctly typed 
is (I -el)' where el is the error rate at locus 1. 
It follows that the probability of one or both being incorrectly typed is 1- (1-e i)2 . 
If there has been a typing error, the probability of it showing up as a mismatch is 
Pr(Exi), and so the probability of a mismatch between a true father and his offspring 
is (1- (1-ei) 2) Pr(Exi). 
Therefore the probability of a match is 1- (11- (1-ei) 2) Pr(Exi ). 
If the CERVUS father is not the true father then the probability of a mismatch is by 
definition, Pr(Ex i), hence the probability of a match is 1 - Pr(Ex i ). 
So for the case of father and calf matching, when mother is untyped the likelihood 
ratio is: 
1-(1-(1-e 1 ) 2 ).Pr(Ex 1 ) 	 Equation] 
1-Pr(Ex 1 ) 
And for the case of a mismatch between father and calf when the mother is untyped 
the likelihood ratio is: 
(1- (1-e l ) 2 ).Pr(Ex 1 ) 
Pr(Ex 1 ) 
which simplifies to: 	1- (1-ei) 2 	 Equation 2 
When deriving the likelihood equations for the two scenarios in which mother was 
sampled I made the assumption that the error rate in genotyping the mother was zero. 





offspring pairs when estimating error rate, most mothers used in the analysis had 
more than one offspring. Many of them were also recorded as offspring of other 
hinds. Therefore the probability of a mother being wrongly typed is lower than for 
fathers or calves. Second, the majority of occasions on which a mother is mis-typed 
do not result in exclusion of the true father. For example, for a locus with 3 alleles at 
equal frequency (heterozygosity = 0.667) then only about 15% of maternal typing 
errors will result in a paternal exclusion. 
Ignoring maternal typing errors gives the same likelihood equations as when father 
and offspring only are typed, except Pr(Ex 2) replaces Pr(Ex i). Note that the 
likelihood equation is the same for the case of a mismatch between calf and CERVUS 
father regardless of whether or not the mother is genotyped. 
5.2.3 Combining behavioural data with genetic data 
In Chapter 2 I described how a daily census of the study area is made during the rut. 
Consequently the harem membership of all females is recorded. I used this data to 
test whether CERVUS assigned males who were also observed with the mother during 
the 11-day window (see Chapter 2) were more likely to be the true father than 
CERVUS males who were not behavioural candidates for paternity. 
5.3 Results 
The distribution of mismatches using a simple exclusion approach is given in Figure 
5.1. Only 56 (32.6%) of the 172 paternities assigned using CERVUS, mismatched their 
putative offspring at zero loci. However the distribution of mismatching loci per calf 
tested is clearly bimodal, suggesting that a number of CERVUS fathers are the true 
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Figure 5.1 Plot showing number of mismatches per CERVUS father—offspring pair. Note 
the bi-modality of the distribution. 
The distributions of LOD scores for the 80% and 95% paternities are shown in 
Figures 5.2 and 5.3 respectively. The LODs ranged from —100.5 to 48.7 and only 
three calves had a LOD score between —3.0 and 3.0. These three calves had father - 
offspring comparisons at around only 20 loci (the mean number of comparisons per 
calf was 58) and so the inability to determine conclusively whether the CERVUS 
father was the true father is unsurprising. The remaining 169 paternities could be 
unequivocally confirmed or rejected, and are summarised in Table 5.1. The number 
of correct paternities assigned with both 80% and 95% confidence was slightly, but 
not significantly, lower than expected (80% paternities: G = 1. 14, d.f. = 1, n.s; 95% 
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Figure 5.2 (upper) and Figure 5.3 (lower). 
Distribution of LOD scores for CERVUS-assigned 80% paternities (Fig 5.2) and CERVUS 
assigned 95% paternities (Fig 5.3). Note that the distributions are bi-modal and that few 














Table 5.1: True paternity of CERVUS-assigned males. 
The table shows the number and proportion of 80% and 95% confident CERVUS fathers that 
were the true father. CERVUS fathers are separated into those which were or were not 
observed with the mother around the time of oestrus. Six mothers were not observed at all 
over the relevant rut interval. Three CERVUS-assigned fathers are excluded from the table as 
paternity could not be retrospectively confirmed or rejected (see text). 
CERVUS 80% confident CERVUS 95% confident 
Harem male and true father 	 96 I 96 (100%) 	 54 / 54 (100%) 
Not observed as harem male, true father 	25/67(37%) 	 14 / 20(70%) 
No harem data available, true father 	6/6(100%) 	 0 
Total true father 	 127/169(75.1%) 	68/74 (91.9%) 
Maternal harem membership data were available for 163 of the 169 calves for whom 
the CERVUS assigned male could be confirmed or rejected as the father. Every 
candidate male assigned by CERVUS and observed with the mother in his harem was 
the true father. In contrast a male assigned at 80% confidence by CERVUS, but not 
observed holding the mother in his harem during the 11-day window was only 37% 
likely to be the true father. Two of the three males with a LOD score between —3.0 
and 3.0 were not observed with the mother of their putative calf. In these cases the 
male was not regarded as the true father. In total, 44 (25.6%) of the 172 paternities 
initially included in the MAXI pedigree were rejected. 
5.4 Discussion 
To my knowledge this is the first time that paternities assigned in a natural 
population using molecular techniques have been retrospectively scrutinised. Clearly 
the statistical confidence assigned by CERVUS is accurate. To detect a small, yet 
significant, departure from the predicted confidence a large number of father-
offspring pairs would be required. However the sample size (172 pairs) presented 
here is sufficient to recognise any marked difference between the predicted and 
actual confidence in CERVUS assigned paternities. Since its launch in 1998, the 
CERVUS software has been rapidly adopted by biologists using molecular markers to 
infer paternity in the wild, and already several papers which use the software have 




suggests that users of CERVUS can be confident in the accuracy of inferred 
paternities, provided that their simulation parameters are reasonably well estimated. 
In the study population, behavioural data can be combined with genetic data 
retrospectively to adjust confidence in paternity. It was striking that every CERVUS-
assigned male who was also observed as a harem male was the true father of the calf 
in question. In the analysis of Marshall (1998) paternity was assigned for 462 calves 
with 80% confidence. A highly accurate pedigree can be now be drawn using a 
combination of paternities assigned with 95% confidence, and those assigned with 
80% confidence that have additional behavioural support. Adjusting the pedigree in 
this way will improve the accuracy of analyses that require accurate assignment of 
paternity (e.g. QTL mapping, estimating heritability, estimating inbreeding 
coefficients), but without causing a large reduction in pedigree size. It should be 
noted that I am not advocating the use of behavioural data as a reliable predictor of 
paternity in the absence of genetic support. 
This analysis has also demonstrated the value of measuring typing error rates when 
employing micro satellites. If a strict exclusionary approach had been used, around 
half of the true paternities would have been rejected. Recent attention in the literature 
has focused on high typing error rates when amplifying microsatellites from 
'difficult' template material such as hair or faeces (Goossens et al. 1998; Taberlet 
and Luikart 1999). Although typing error is likely to be higher when small quantities 
of non-invasively sampled DNA are used, the possibility of error should always be 
considered, regardless of the type and quantity of tissue sampled. The loci with the 
highest error rates in this study tended to have particularly intense stutter-bands, an 
observation also made by Taberlet and Luikart (1999). Mother-offspring 
relationships, inferred with reasonable confidence, are a good resource for estimating 
error rates. 
It is possible that there are small inaccuracies in the LOD scores presented in this 
chapter. I have assumed that all maternal typing errors were detected, and the 




the majority of calculated LOD scores are so unequivocal in determining whether 
paternity is true or false, that any slight error is unlikely to change the outcome of the 
decision reached. The likelihood equations that account for these extra variables 
would be considerably more complex than those presented here, and the final 
outcome is unlikely to be substantially different. 
In conclusion, information from the 84 loci that were screened to detect QTL was 
used to adjust the MAXI pedigree so that all inferred relationships were correct. The 
power to detect QTL in the revised pedigree will be slightly lower than that 
presented in Chapter 3. However the data set is now suitable for constructing a 
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6 A deer genetic map 
6.1 Introduction 
In order to perform QTL analysis a genetic map is required. Genetic maps give the 
order and position of loci along each chromosome. Several methods of QTL analysis 
use algorithms that require knowledge of marker positions relative to one another, 
e.g. interval mapping and multipoint mapping approaches. Even when single point 
mapping is performed (an approach that tests each marker independently), marker 
location is required to distinguish between a scenario in which one QTL is associated 
with several tightly linked markers from the alternative interpretation, in which 
several unlinked markers are each associated with a different QTL. In this Chapter I 
describe how I mapped a large panel of microsatellite markers, including those that 
were screened in the MAXI pedigree. Two different strategies were employed. 
Initially I screened each marker in the International Mapping Herd (IIVIH) used by 
Mike Tate and co-workers to produce a deer genetic map (Tate et al. 1994; Tate et 
al. 1995; Tate 1997). Thus, I attempted to place these markers on the pre-existing 
genetic map. However, for reasons I discuss later, I also attempted to construct a 
genetic map using only the genotypic data that was obtained from screening the 
markers within the MAXI pedigree. 
6.2 Adding microsatellites to the current deer genetic map 
6.2.1 Interspecies hybrids as a gene mapping resource 
In Chapter 4 I described how evolutionarily conserved markers, such as allozyme 
loci and RFLPs obtained from gene probes, are known as Type 1 loci (O'Brien et al. 
1993). In contrast, Type 2 loci are relatively poorly conserved, anonymous markers 
(e.g. micro satellites, RAPDs, AFLPs). The majority of linkage maps are constructed 
using Type 2 loci, as they tend to be highly polymorphic within the species of 
interest. Examples include the genetic maps of rats (Steen et al. 1999), cattle (Ma et 
al. 1996; Barendse et al. 1997), sheep (Crawford et al. 1995) and many crop plants 
(e.g. McCouch et al. 1997). A notable exception is in mice, where a large number of 
both Type 1 and Type 2 loci have been mapped. Interspecific backcross lines 
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between laboratory mice (Mus musculus domesticus) and Mus spretus, a wild species 
found on the Iberian peninsula, have provided an ideal mapping resource for mouse 
geneticists (Avner et al. 1988). As a consequence of the large genetic divergence 
between the two strains, hybrid mice tend to show two species-specific variants when 
probes to known genes are assayed using restriction fragment length polymorphisms 
(RFLPs). Thus, Type 1 loci can be mapped by performing linkage analysis in 
backcross mapping panels. Attempts to produce maps of Type 1 loci in other 
mammals have proved difficult, as hybrids between divergent strains, breeds or 
species tend to be sterile (Tate 1997). However fertile hybrids have been produced in 
deer by crossing red deer with Père David's deer (Elaphurus davidianus). 
6.2.2. Red deer x Pêre David's deer hybrids as a gene mapping resource 
Hybrids between deer species are not uncommon (Whitehead 1993), particularly in 
deer parks, but those between red deer and Père David's deer are perhaps the most 
remarkable. Père David's deer originate from China and are one of the rarest deer 
species in the world. Although they have the same number of chromosomes as red 
deer (n = 33), Père David's deer are very different in morphology, in particular with 
respect to antler, tail and foot shape. The two species are classified in different 
genera, and the genetic distance between them (Nei's D = 0.48; Tate 1997) is 
comparable to that between the Mus species described above. Despite being the 
heterogametic sex, hybrid male deer are nonetheless fertile, an important 
consideration when trying to produce backcross mapping herds rapidly. 
The colourful history of Père David's deer also plays a role in their suitability as a 
genetic mapping resource. Père David's deer became extinct in the wild, possibly 
around 220 AD (Goosen 1997), and the only surviving animals were kept in an 
imperial hunting park in China. The species became known to the Western World 
after their discovery by the French explorer-naturalist Père Armand David in 1865, 
when the park population was estimated at 120. Following several unsuccessful 
attempts to import the species to Europe, a pair eventually bred at Woburn Abbey, 
England in 1898, and additional introductions were subsequently made. Around this 
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Boxer rebellion. Hence, the entire current world population is descended from 18 
animals at Woburn. In fact, the breeding population may have been even lower, and 
was perhaps between three and 13 individuals (Goosen 1997). Consequently, it is 
unusual to detect genetic variation at either allozyme or microsatellite loci in Père 
David's deer (Woodruff and Ryder 1986; Emerson and Tate 1993; Chapter 5). The 
lack of polymorphism enhances the probability that hybrid sires will show species 
specific alleles at a marker locus, and hence be informative in backcrossed mapping 
herds (Tate el al. 1995). 
Although natural matings have occurred between red and Père David deer in at least 
one deer park, the Fl hybrids produced in New Zealand were created using artificial 
insemination (AT). Since the late 1980's over 300 3/4  red / ¼ Père David's deer have 
been produced (mainly by Al) by backcrossing Fl sires to red deer hinds at 
AgResearch, Invermay Agricultural Centre, New Zealand. By virtue of the large 
genetic distance between the two species, Fl sires show species specific restriction 
fragments at almost all genes when assayed by heterologous DNA probes. 
Subsequently it has been possible to produce a map of Type 1 loci in deer by linkage 
analysis in the backcross pedigrees derived from the Fl males. To date 16 protein 
polymorphisms and 148 restriction fragment length variants (RFLVs) for known 
genes have been mapped (Tate 1997). In contrast, only 19 microsatellites were 
mapped in deer at the beginning of this study, despite their potential in ruminant 
comparative mapping (Chapter 4). 
6.2.3 Mapping new microsatellites 
In this section I describe how I attempted to add microsatellite loci to the existing 
deer genetic map. 
6.2.3.1 The mapping panel 
At the beginning of the study I obtained DNA from all individuals in the deer 
International Mapping Herd (IMIH). The mapping panel consisted of two hybrid sires 
(ID's 899 and 903) and a number (n = 40 and n = 49 respectively) of their backcross 
progeny. Aliquots of dilute DNA (lOOp.g/ml) from the entire mapping pedigree were 
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stored in a 96 well microtitre plate, so that each locus could be rapidly screened by 
PCR using a multi-channel pipette. Duplicate DNA aliquots from each hybrid sire 
were included, as it was essential that genotypes were obtained for these two 
individuals. Additionally, DNA from a pure Père David's deer was included, so that 
the allele inherited from the Père David's deer sire could be distinguished in the Fl 
hybrids. 
6.2.3.2 Screening microsatellites in the IMH 
A total of 120 microsatellite markers were screened in the IIvlIH (locus details are 
given in Appendix F). This panel of microsatellites included 68 of the 84 markers 
that were screened in the MAXI pedigree (Chapter 4). Of the remaining 16 loci, 15 
were previously typed in the 1MB by Mike Tate and colleagues (AgResearch, New 
Zealand). The only marker that was typed in the MAXI pedigree but not the IMH was 
the sheep microsatellite locus McM527. The standard PCR conditions described in 
Appendix B were used for all loci, unless indicated otherwise in Appendix C. A 
locus was mappable only if one or both of the hybrid sires were heterozygous. Loci 
that were monomorphic in red deer were still considered suitable for mapping for 
two reasons. First, they are useful as comparative map markers if they are conserved 
between other ruminants and deer. Second, they may act as anchor loci, making it 
easier to map informative linked loci that were screened in the IIVIH. 
6.2.3.3 Scoring and coding microsatellite autoradiograms 
Rather than code alleles by size, I adopted the system used by Tate (1997). Thus, the 
coding system was consistent with all loci previously screened in the IMH, 
regardless of the type of marker. The main feature of the coding system was that the 
Fl sires were coded 'PA' at informative loci, where a 'P' represented the allele 
inherited from the Père David's deer sire and an 'A' represented the allele inherited 
from the red deer dam. The paternally inherited 'P' allele was unambiguously 
identified, by comparing the F1's banding pattern with that of the pure Père David's 
deer. Distinguishing between the two Fl alleles in this way increased the power to 
map markers as the marker phase was known. In the backcross progeny the 
maternally inherited allele was coded as 'A' or 'C'. If coded 'A', then the maternally 
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inherited allele was the same size as the red deer allele in the hybrid sire. A 'C' allele 
indicated that the maternally received allele was a different size to both of the hybrid 
sire alleles. Hence, progeny could have one of the following genotypes: AA, PA, 
AC, PC or PP. PP genotypes were rare, and could only occur when the Père David's 
deer 'P' allele is also present in some of the red deer dams. A detailed discussion of 
the allele coding system is given in Tate (1997). An example of a locus scored using 
this system is given in Figure 6.1. 
For some loci it was unclear from which of the parent species the F 1 hybrid alleles 
had been inherited. In such cases, the two alleles were coded 'A' and 'B', while any 
other allele, inherited from the red deer dams, was coded 'C'. 
Finally, it is theoretically possible to map a marker if the hybrid sires appear 
homozygous, but are in fact heterozygous with a null allele received from the Père 
David's deer. In such cases, the hybrid sires were coded as genotype AA, while any 
additional red deer alleles inherited from the dams were coded 'B'. Hence progeny 
could have the following genotypes: AA, AB or BB. AA genotypes are ambiguous 
(they could represent a genuine homozygote or an animal with a paternally inherited 
null allele). However AB progeny can only have inherited the red deer 'A' allele 
from the Fl sire, while BB progeny can only have inherited the Père David's deer 
null allele from the Fl sire. 
All genotypes were entered into a Microsoft Excel (Microsoft Corporation) 
spreadsheet and sent by electronic mail to Mike Tate (AgResearch, New Zealand). 
The microsatellite data were then incorporated into a database containing genotypes 
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Figure 6.1. Autoradiogram of microsatellite locus SPSII3 screened in the 
International Mapping Herd (IMH). Animal 899 is one of the hybrid sires, and any animal 
with code 1)(X is one of his backcross progeny. Animal W294 is a pure Père David's deer 
stag, and is homozygous for the smaller of the two 899 alleles. Hence this allele can be 
labelled 'P in sire 899 and the other allele labelled W. (See text for a detailed description of 
how alleles were assigned). 
6.2.3.4 The mapping software 
The map location of each marker was determined by Mike Tate using the Mapmaker 
(Lander et al. 1987) and Animap (Nielsen el al. 1995) software packages. Mapmaker 
is the more-user friendly program, and analysis is rapid. However, there was one 
major drawback to using Mapmaker. At some loci, occasional backcross progeny had 
the genotype PP. Thus, the 'P' allele is present, albeit at low frequency, amongst the 
red deer dams. Consequently, Mapmaker cannot determine which allele was 
paternally inherited in progeny coded PA. Mapmaker treated PA progeny as 
'unknown', and the power to map the locus was compromised. In contrast, analysis 
with Animap was slower as a full maximum likelihood approach was used. However, 
fewer assumptions about the origin of each sire allele were made. Animap estimates 
the allele frequencies in the red deer dams from the progeny genotypes. Hence, the 
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estimated, and PA progeny need not be discarded from the linkage analysis. 
Although analysis is slower using Animap, a greater number of markers can be 
mapped and the final map positions are expected to be more accurate. 
Microsatellite markers were added to the existing genetic map provided linkage to 
another marker was supported by a LOD score of at least 3.0. Once a group of linked 
markers was established, the most likely order was estimated using maximum 
likelihood. Next an analysis was performed (by Mike Tate) in which any double 
recombinant haplotypes were identified. I then re-examined the relevant 
autoradiograms to exclude the possibility of genotyping error. If any errors were 
identified, the linkage group in question was reconstructed using Mapmaker/Animap. 
6.2.3.5 Summary of microsatellite mapping in the IMH 
Of the 120 markers screened, 105 of them were theoretically mappable (by virtue of 
being heterozygous in at least one hybrid sire). However, only 31 of these markers 
are currently mapped in deer. The latest version of the deer genetic map can be 
viewed at a webpage maintained by the Roslin Institute, Midlothian, Scotland (URL: 
http://www.ri.bbsrc.ac.uk/cgi-bin/arkdb) . Currently there are 230 loci mapped in deer 
of which 148 are known genes, 66 are microsatellites and 16 are allozyme loci. There 
are three reasons for the discrepancy between the number of microsatellites screened, 
and the number actually mapped. 
The more accurate linkage analysis using Animap has not been completed for a 
number of microsatellite markers. Loci with any progeny with genotype PP are 
relatively uninformative when using Mapmaker, as the progeny with genotype PA 
are treated as unknown. 
A number of microsatellites were not typed for all individuals in the TMH. I 
obtained a limited amount of some microsatellite primers, and it was not possible to 
make repeated attempts to amplify problematic' loci. The statistical power to map 
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3) The majority of the previously mapped RFLV and allozyme loci were informative 
in both Fl sires (Tate 1997). However, it was reasonably common to screen a 
microsatellite locus at which only one F 1 sire was a heterozygote. Thus the power to 
map the locus was relatively low. 
The attempt to map microsatellites in the IMIH can be regarded as a success, in that a 
large panel of mappable markers was identified and screened. However, further 
analysis with Animap is required to actually assign a map position for the majority of 
these markers. Only 35 of the 84 microsatellites screened in the MAXI pedigree are 
currently assigned a map position, an insufficient number to perform a QTL analysis. 
With this in mind, I also attempted to map loci using the genotypes generated in the 
MAXI pedigree. 
In addition to providing a map location for the remaining markers there are other 
reasons for independently constructing a deer map. It should be remembered that the 
map generated from the IMIH is actually a map of the red deer / Père David's deer 
hybrid genome. It is likely, but not certain, that the locus order and locations in 
hybrids are the same as for red deer, particularly as the two species have similar 
karyotypes (Tate, 1997). However translocations may have occurred in the hybrids, 
giving a different locus order to that of red deer. Constructing a deer genetic map 
from the MAXI pedigree will prove useful if the same linkage groups and order of 
loci are found as those on the pre-existing deer map. Independently verifying the 
original map in this way will lend further support to its accuracy. Finally, some 
markers screened in the MAXI pedigree were homozygous in the two IMH hybrid 
sires, and thus could not be placed on the original map. In the next section I describe 
how I constructed a deer genetic map from the MAXI pedigree. 
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6.3 A deer genetic map from the MAX! pedigree 
Previously I described how I screened markers (Chapter 4) and corrected wrongly 
inferred paternities (Chapter 5) within the MAXI pedigree. With this information it 
was possible to perform a linkage analysis in the pedigree, and map microsatellites of 
previously unknown location in deer. Note that more individuals were screened per 
locus than in the IMH, but the power to map loci in complex outbred pedigrees is 
generally lower than that for the backcross design used in the IM114 (where markers 
are informative in all sires). Unlike the MM, there was no pre-existing map for the 
MAXI pedigree, to which microsatellites could be linked. However, given the large 
number of animals in the MAXI pedigree and the informativeness of the majority of 
the microsatellites, it should nonetheless be possible to build a simple map. 
6.3.1 Linkage analysis using CR1-MAP 
For the linkage analysis I used the CR1-MAP V2.4 software (Green et al. 1990), run on 
the University of Edinburgh UNIX server, Holyrood. CR1-MAP allows construction of 
linkage maps from general pedigrees, even with some missing data. Where possible, 
CR1-MAP deduces missing genotypes from the genotypes of ancestors and 
descendants. Although highly flexible, CR1-MAP does not use a full likelihood 
algorithm (in the way that Animap does) for two reasons. 1) If an inferred genotype 
can plausibly be a homozygote, this genotype is scored as 'missing' and, 2) if an 
individual at the top of the pedigree is unscored, allele frequencies are not used to 
infer possible genotypes. However, the loss of power from these two assumptions 
seems to be minimal (Green et al. 1990). Furthermore, the most important animal at 
the top of pedigree, MAXI, is scored at nearly all loci, minimising any possible loss of 
power. 
I used a LOD score of 3.0 to infer linkage between two loci. Markers were also 
assumed to be linked if they were supported by a LOD of greater than 1.0 and there 
was an a priori reason for expecting linkage: i.e. they were linked in another 
ruminant. With the exception of six loci (four isolated from caribou, one from 
gazelle, and one from red deer) a previously derived map location in the species of 
origin was available for all of the 84 microsatellites screened in the MAXI pedigree. 
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In addition to the 84 microsatellites, genotypes at the three protein loci screened by 
Pemberton etal. (1988, 1991) were included in the CR1-MAP analysis. All three of the 
proteins had a previously assigned chromosomal location in cattle. The source 
species map location of each locus was ascertained using one of the following 
published papers or websites: 
Cattle genetic maps: 
The map generated by the International Bovine Reference Panel (IBRP) described in 
Barendse et al. (1997). URL: http://spinal.tag.csiro.au/cgdinfo.html.  
The Illinois Reference/Resource Families (IRRF) map described by Ma etal. (1996). 
URL: http://cagst.animal.uiuc.edu/genemap/map.html.  
The ARK database maintained by the Roslin Institute (Midlothian, Scotland) was 
also used. This database contains all loci on both of the aforementioned cattle maps, 
in addition to other markers. Genetic maps of other livestock species including sheep 
and deer are also viewable at this website. 
URL: http ://www.ri. bbsrc. ac.uk/cgi-binlarkdb/browsers/browser . sh?species=cattle 
Sheep genetic maps: 
The map generated by AgResearch, New Zealand and described in Crawford et al. 
(1995) and de Gortari etal. (1998). URL: http://www.ri.bbsrc.ac.uk/sheepmap/  
Deer genetic maps: 
The map described in section 6.2 and reported in Tate (1997). 
URL: http :I/www.ri. bbsrc. ac.uklcgi-binlarkdb/browsers/browser. sh ?species=deer 
Having established linkage groups, locus order was determined using the BUILD 
option of CR1-MAP. The BUILD option uses the Kosambi mapping function to 
estimate map distances between loci. A mapping function is a simple formula that 
predicts distance between two loci, given the number of observed recombinations 
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that an even number of cross-overs between two loci are undetectable, thus the 
observed number of recombination events is always a minimum estimate of the true 
number. The Kosambi function also incorporates a degree of interference (the 
phenomenon in which a cross-over event reduces the probability of a second cross-
over occurring in an adjacent region) in its estimate of map distance (Lynch and 
Walsh 1998). Alternative locus orders were compared using the FLIPS option of CR1-
MAP, and the order with the highest likelihood was used in the final map. 
6.3.2 Summary of microsatellite and protein mapping in the MAXI pedigree 
A summary of linked markers (supported by a LOD> 3.0) is given in Appendix G. 
Of the 87 (84 microsatellites and 3 allozymes) loci screened in the pedigree, 45 of 
them were linked to another locus with support of LOD > 3.0. A further 10 loci could 
be added to linkage groups with support of LOD> 1.0 and prior evidence of linkage 
from another map. The final map was 508.5 cM long and is illustrated in Figure 6.2. 
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Figure 6.2: A deer genetic map derived from the MAXI pedigree (see methods in 
section 6.3.1). 
Linkage group number is that used by Tate (1997). 
Distances between markers are given in Centimorgans. Total map distance is 508.5 cM. 
Markers mapped with a LOD score of at least 3.0 are represented in bold. 
Markers mapped with a LOD score of 1.0 - 3.0 and previously shown to be on that deer 
linkage group or the bovine/ovine equivalent are represented in plain type face. 
Markers with a positive LOD score of 0.0 - 1.0 and previously shown to be on that deer 
linkage group or the bovine/ovine equivalent are placed below the linkage group. 
Each linkage group is placed in the most likely marker order, and is supported by the 
AgResearch deer genetic map order or a conserved order with cattle and/or sheep maps 
(see section 6.3.3). 
Linkage Groups 6, 10, 16, 23, 25, 29, 30, 31 and 33 are not represented in the figure. From 
homology with cattle/sheep genetic maps it is expected that all but two of these linkage 
groups are represented by a single microsatellite used in the current study. 
No microsatellites from the cattle/sheep homologues of the remaining two linkage groups (16 
and 25) were screened, hence no markers were expected to map to these locations. 
Marker RT5, a microsatellite originally characterised in caribou, did not map to any linkage 
group and is not mapped in any other species. 
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6.3.3. Discussion of the map derived from the MAX! pedigree 
Comparison with other published maps suggests that the majority of the 32 loci that 
could not be assigned a linkage group, were not expected to be closely linked to any 
other genotyped locus. As six loci were not mapped in any other species it was 
impossible to predict exactly how many loci might be unlinked to any other. It is 
notable that the markers that were assigned to a linkage group did not have a 
significantly higher heterozygosity than markers that were not (linked markers, mean 
heterozygosity = 0.685 ± SE 0.025 vs. unlinked markers, mean heterozygosity = 
0.633 ± SE 0.034: two tailed t-test, t=1.21, d.f = 85, p = 0.21, NS). This would 
suggest that the failure to assign all markers to a linkage group is principally 
attributable to the relatively small number of markers screened, rather than any 
shortcoming in statistical power of the MAXI pedigree. 
The deer genetic map generated using CR1-MAP and the MAXI pedigree is in 
remarkably good agreement with both the AgResearch deer map (Tate 1997) and 
other ruminant maps. Amongst the markers that were assigned with a LOD > 3.0, 
only one mapped to a different linkage group than expected. The sheep derived 
microsatellite McM527 was placed on deer linkage group 13 (equivalent to sheep 
chromosome 18), yet is mapped to chromosome 5 in sheep (Crawford et al. 1995). 
McM527 was assigned on the basis of a LOD score of 3.50 supporting linkage to the 
locus TGLA337. Although some loci were assigned to linkage groups partially on 
the basis of their known location on other maps, the order of markers was 
nonetheless identical between homologous chromosomes for all but two linkage 
groups, lending further support to the accuracy of the MAXI pedigree map. 
The order of loci on two linkage groups was retrospectively adjusted, after 
comparison with other ruminant maps. Figure 6.2 shows the final adjusted map. In 
both cases the likelihoods of the original and adjusted locus orders were very similar. 
On linkage group 15 the original order (markers AB S12 and IDVGA8 juxtaposed) 
gave a slightly higher LOD score than that illustrated. However linkage group 15 is 
homologous to a fusion of cattle chromosomes 26 and 28, and an additional 
inversion would have to be invoked for the original order to be correct. On linkage 
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group 7 an alternative order (BM1258-BM1815-BM1818) gave a slightly higher 
LOD score (ALOD = 0.19) to that shown in Figure 6.2, but the illustrated order is 
consistent with both the cattle map and the previous deer genetic map. The locus 
order of one other linkage group is of particular interest on this map. Tate (1997) 
found a different locus order between deer linkage group 19 and its bovine and ovine 
homologues. The current analysis is in agreement with the order suggested by Tate 
(1997), and supports his claim that there has been an inversion on this chromosome 
since the divergence of the cervidae from other artiodactyls. 
The LOD scores used for assigning linkage in this analysis were lower than that used 
for other ruminant maps. For example, Barendse et al. (1997) used a LOD of 6 for 
assigning linkage and a LOD of 3 for assigning order, while Ma et al. (1996) used 
LODs of 4.5 and 2.0 for the same categories. However, the present analysis did take 
into account locus position from both the 'official' deer map and maps generated for 
cattle and sheep. The use of prior information can be considered similar to a 
Bayesian approach (Shoemaker et al. 1999), although no actual values for prior 
probabilities of linkage between two loci were estimated. 
The overall map length was only 508.5 cM. This compares poorly with the IMFI map 
which covers 1270 cM of the deer genome. Furthermore, the complete deer genome 
is expected to be at least 2000 cM long (Tate et al. 1994), suggesting that a genome-
wide search for QTL is impossible using the current map. However, it should be 
remembered that the estimated map distance does not include unlinked markers, or 
the regions beyond the end-most markers on each linkage group. It is possible to 
detect QTL that are linked to these markers, yet not included in the regions from 
which the map length was estimated. Thus, rather more than 508.5 cM of the genome 
will be covered in the subsequent QTL analysis. It appears probable that markers 
were screened in the MAXI pedigree on all but two of the deer autosomes. While it 
would be wrong to claim that a complete genome-wide search for QTL is possible 
with the available data, it would also be erroneous to suggest that only 1/4  of the 
genome could be analysed. 
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6.4 Conclusions 
Two independent efforts were made to map microsatellite loci in deer. The first was 
an attempt to add loci to the existing deer genetic map (Tate 1997). However, a 
number of loci remained unassigned, and so an alternative approach was taken. A 
linkage analysis was performed using the genotypes derived from screening the 
MAXI pedigree. To my knowledge this is the first time that a linkage map has been 
constructed from a wild outbred population. Although not all loci could be assigned a 
linkage group, this was usually because they were not closely linked to another locus, 
rather than due to any lack of statistical power. It follows that a multipoint QTL 
analysis of these sparsely covered chromosomes would produce similar results to a 
method that tested each marker individually. Conversely, those chromosomes with 
several linked markers (e.g. linkage groups 5, 7, 8, 11-15, 19) are particularly suited 
to multipoint linkage analysis. Using this approach for the study population will 
increase the power to detect QTL, and provide estimates of QTL position and 
magnitude (Lynch and Walsh 1998). In Chapter 7 I describe a multipoint QTL 
analysis of birth weight using these data. 
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7 A search for birth weight QTL 
7.1 Introduction 
The main purpose of this thesis is to make the first attempt at mapping QTL for a 
fitness-related trait in an unmanipulated wild population. Birth weight in the Rum red 
deer population is an appropriate trait for such an analysis as it is related to fitness 
and has a heritable component (see Chapter 2). In Chapter 3 I described a power 
analysis to detect QTL in the study population and concluded that it was theoretically 
possible to detect QTL provided they were of large effect. The power to detect QTL 
was greatest when an approach that used information from a complex pedigree was 
used. In this Chapter I describe a QTL analysis for birth weight, using the genotypes 
screened in the six generation pedigree descending from the stag MAXI. I first review 
methodologies for detecting QTL in complex outbred pedigrees. I then describe the 
approach I took for this analysis, before presenting the results from the QTL analysis. 
Finally I discuss whether the data presented here provide good evidence that genes of 
large effect may segregate for fitness-related traits in a wild population. 
7.2 Detecting QTL in complex pedigrees 
The various approaches used by geneticists to detect QTL were reviewed in Chapter 
1. By far the most demanding methods, computationally and statistically, are those 
developed for complex outbred pedigrees. In this section I describe the underlying 
principles behind these techniques. I focus on methods that estimate the expected 
number of alleles identical by descent (IBD) for all relatives in a pedigree, and then 
use variance components methods to infer the presence of a QTL (i.e. the method 
described by Almasy and Blangero, 1998). 
An appropriate point at which to begin a description of these methodologies is with 
the Haseman-Elston regression (1972). This approach was developed to detect QTL 
when data is collected from many pairs of sibs. It is assumed that sib-pairs who share 
QTL alleles are, on average, more similar for the underlying trait than those who do 
not. The Haseman-Elston approach uses marker data and maximum likelihood to 
estimate the number of alleles likely to be IBD at a putative linked QTL. For every 
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sib pair, the squared difference in trait value is then regressed on the number of 
estimated alleles IBD. A significantly negative slope indicates that a QTL is present 
at that location. Although this approach for detecting QTL is elegant and relatively 
simple, it does have a number of drawbacks (Lynch and Walsh 1998). Only one type 
of relative pair can be considered at a time, parent-offspring pairs cannot be 
considered as they all share one allele IBD, and the method only tests for the 
presence of a QTL, rather than estimating position and magnitude. Finally there is 
debate as to whether all possible combinations of sib-pair in a family can be regarded 
as independent (Lynch and Walsh 1998). 
Recently, inteival mapping (Fulker and Cardon 1994) and multipoint mapping 
(Fulker et al. 1995; Krugylak and Lander 1995) approaches for sib-pair designs have 
been developed. In these methods, the information from several linked markers is 
used to estimate the number of alleles IBD more accurately and at any position on a 
chromosome. Consequently, these methods are preferable to the original Haseman-
Elston method, as they provide greater statistical power and an estimate of QTL 
magnitude and position. 
The use of variance components methods in QTL mapping was first suggested by 
Goldgar (1990). The major advantage of this approach over other methods is that 
different types of relative pair can be analysed simultaneously. Furthermore, a 
specific genetic model (e.g. additivity, dominance, epistatic interactions) need not be 
specified. Each chromosomal region is examined to see whether it explains a 
significant amount of the overall trait variance (Visscher et al. 1999). Any such 
regions are assumed to contain a QTL, and the proportion of the variance explained 
by the region gives an estimate of the QTL magnitude. A variance component 
method applicable to complex pedigrees was described by Almasy and Blangero 
(1998). A probability matrix for the IBD relationships between all pairs of 
individuals at any specified chromosomal location is estimated, using Monte Carlo 
techniques and information from all linked markers. The IBD probability matrix for 
each location is incorporated into a variance components model, and maximum 




BIRTH WEIGHT QTL 
Analysis Workshop (GAW10), where different QTL detection methods were 
employed to address the same simulated problem, variance components procedures 
applied to general pedigrees were shown to have high power, a low rate of false 
positives, and produced unbiased estimates of QTL magnitude and position 
(Wijsman and Amos 1997; Williams et al. 1997). Thus far, only a handful of studies 
(Almasy et al. 1999; Visscher et al. 1999; Williams et al. 1999) have actually used 
variance components methods to detect QTL in complex pedigrees, largely because 
analysis is computationally demanding and the technique is relatively new. However, 
this approach is likely to become widespread and will prove particularly useful in 
human pedigrees and natural populations. In the next section, I outline the 
multipoint, variance components based approach I used to attempt to detect birth 
weight QTL in the complex MAXI pedigree. 
7.3 Methods 
The QTL analysis took place in two stages. I first calculated IBD coefficients 
between all pairs of animals in the corrected MAXI pedigree. I then used the 
estimated IBD matrix to test each chromosomal region for the presence of a QTL, 
using a variance components analysis. This method is analogous to the Haley-Knott 
regression method, frequently used for QTL mapping in inbred lines. Under this 
method genotypes at putative QTL locations are estimated as a function of marker 
genotype and location, and then a least-squares regression approach is used to 
estimate QTL magnitude and location (Haley and Knott 1992). 
7.3.1 Estimating IBD matrices. 
Calculating the number of alleles IBD between all relative pairs in the pedigree was 
the most time-consuming and computationally demanding part of the analysis. To do 
so I used an adapted version of the LOKI V2.1 software (Heath 1997). I calculated 
IBD coefficients at 5cM intervals along each chromosome, using map distances from 
the deer map constructed from the MAXI pedigree (Chapter 6). IBD matrices were 
also calculated at actual marker positions, and for an additional 5 cM and 10cM 
beyond the most distal markers on each linkage group. Where a marker was unlinked 
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10cM away. Calculating IBD coefficients at actual markers is relatively easy as the 
majority of markers were highly informative (Chapter 4). However, estimating the 
JBD matrix at other locations is more difficult and a function of the distance from the 
linked markers and their informativeness. LOKI uses a Markov Chain Monte Carlo 
method to estimate IBD coefficients at all locations (Heath and Thompson 1997). 
Initially I ran 10,000 iterations of the IBD program for each chromosomal location 
but this proved time-consuming. Consequently, I compared the IBD matrix derived 
after 10,000 iterations with that from 1,000 iterations. As the two outputs were 
almost identical (see Figure 7.1), I used 1,000 iterations for subsequent analyses. 
However, if a region provided evidence for a QTL the IBD matrix was re-calculated 
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Figure 7.1: The relationship between IBD coefficients between pairs of individuals 
obtained from 1000 or 10000 iterations of LOKI. 
The regression equation is 1BD 1 0000 = -0.00104+0.9961BD 1000 . The R-squared value is 
99.7%, indicating that the values obtained after 1000 iterations provide a satisfactory 
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To help distinguish alleles that are IBD from those that are identical by state (IBS), 
allele frequencies are used. In a similar analysis to the current one, Visscher et al. 
(1999) estimated IBD coefficients by two subtly different methods. The first 
approach used the marker allele frequencies in founder individuals to distinguish 
between IBD and lBS alleles, while an alternative approach assumed that all founder 
alleles were at equal frequency. Visscher et al. (1999) argued that the former 
approach may overestimate the number of alleles that are lBS rather than IM, 
leading to a decrease in statistical power. Visscher et al. (1999) found that the latter 
(equal allele frequency) approach tended to yield higher LOD scores for a QTL 
responsible for uni- and bipolar disorder in humans. Thus, I used the approach in 
which allele frequencies were assumed equal in founder individuals. 
LOKI failed to calculate MD coefficients for a small number of deer markers. In 
general, the markers concerned were relatively uninformative and/or contained many 
missing genotypes, and would have been the least informative in QTL analysis. 
Provided other markers were linked to the problematic markers, it was still possible 
to calculate IBD coefficients along the relevant chromosome. 
7.3.2.Using variance components to detect QTL 
Having calculated IBD coefficients at all locations it was possible to perform a 
variance components analysis to detect QTL. For this purpose, I used a Fortran 77 
program written by Peter Visscher (University of Edinburgh) which uses a restricted 
maximum likelihood (REML) method to estimate variance components. REML is 
preferable to other maximum likelihood (ML) approaches, in that fixed effects are 
not assumed to be known without error when estimating variance components 
(Lynch and Walsh 1998), and the sum of squares is divided by n-k rather than n 
(where n is the sample size and k is degrees of freedom). This avoids the 
downwardly biased estimates of variance components that conventional ML 
techniques can sometimes yield. When the number of fixed effects is relatively small 
(as is the case here), the difference in variance estimates between the two methods is 
small (Visscher etal. 1999). 
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Three different models must be constructed in order to detect QTL by variance 
components analysis. The first is referred to as the polygenic model. In this model it 
is assumed that the trait is influenced by a large number of independent loci of small 
effect, and the heritability of the trait is estimated. In a second model, marker 
information is used to estimate whether any genetic variation can be attributable to a 
QTL in the region around the marker(s). I refer to this model as the QTL model. 
Finally, a polygenic + QTL model was constructed in which it is assumed that the 
trait variation is attributable to a QTL in the region under investigation, in addition to 
any background genetic effect. 
The polygenic model 
This is essentially the 'animal model' widely used in animal breeding to estimate 
breeding values of each individual in the pedigree. Kruuk et al. (in press) used an 
animal model to estimates heritabilities and coefficients of variation for a number of 
traits in the Rum population, including birth weight (see Chapter 2). Although the 
principal purpose of this analysis was not to estimate the heritability of birth weight, 
it was still necessary to build this model, because to detect QTL, it is important to 
determine that the region under investigation explains additional variation over that 
explained by the polygenic model. Otherwise, the QTL or QTL + polygenic model 
could be detecting underlying polygenic variation when in reality no QTL is present 
in the region under investigation. This problem is particularly acute for regions with 
uninformative markers, when the estimated number of alleles IBD in that region will 
be similar to the mean number of alleles expected IBD between two individuals at 
any location in the genome (i.e. the relatedness or twice the coefficient of coancestry 
between the individuals). 
Using matrix notation the polygenic model can be written: 
y = Xb + Za + e (Lynch and Walsh 1998) 
Where y is the vector of trait values 
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X is an incidence matrix linking actual observations to fixed effects. 
Z is an incidence matrix linking actual observations to polygenic effects. 
a is the vector of random polygenic effects. 
e is the vector of random environmental effects. 
It is assumed that the mean and variance of y are: 
E (y) = Xb 
2 	= V = ZAZT G2a + I C72,(Lynch and Walsh 1998, Visscher et al. 1999) 
Where A is the numerator relationship matrix 
ZT is the transpose of Z 
V is the variance-covariance matrix 
I is the identity matrix. 
Each element of matrix A simply represents the relatedness between a pair of 
individuals (or the proportion of alleles expected to be IBD between a pair of 
individuals across the entire genome). So, for a parent-offspring pair the matrix 
element would be 0.5 and for half-sibs it would be 0.25. Note that the elements of A 
are inferred from the pedigree only and that no marker information is used at this 
stage. 
Under this model an estimate of heritability of the trait in the pedigree is obtained. A 
maximum likelihood value for the estimate is also obtained, and this is later used to 
compare the various models. 
I also estimated the polygenic component of birth weight using the PEST VCE 
software (Groeneveld 1993). This REML package does not allow a QTL model to be 
fitted, but was used by Kruuk et al. (in press) to estimate the heritability of fitness 
components and morphometric traits in the study population. This independent 
analysis enabled me to check that the software I used obtained realistic estimates of 
heritability, and allowed further comparison of my estimate of heritability of birth 
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QTL model 
This model is similar to the polygenic model, except that marker information is used 
to determine whether specific regions explain trait variation. The model can be 
expressed in matrix notation as: 
y = Xb + Zq + e 
where q is the vector of random QTL effects (Visscher et al. 1999) with expected 
variance a2 (q). 
Z is an incidence matrix linking actual observations to QTL effects. 
The expected variance is given by a 2 (y) = V ZQ1ZT a2q  + I (Y2 e  
where Q1 is the IBD relationship matrix at a particular chromosomal location. 
It is this relationship matrix that is estimated by LOKI, using the information from all 
markers on that chromosome. When marker data are incomplete or uninformative the 
elements in this IBD relationship matrix will be similar to those in the numerator 
relationship matrix specified in the polygenic model, and unlinked polygenic 
information may be mistaken for a QTL. An estimate of the amount of trait variation 
attributable to the QTL and a corresponding maximum likelihood value are obtained. 
Polygenic + QTL model 
Under this model variance components attributable to both a polygenic effect and the 
chromosomal region being tested are estimated. The modôl may be written as: 
y = Xb +Za+ Zq + e 
An estimate of the polygenic heritability (h 2) and of the variance explained by the 
QTL (q2) are obtained. An overall maximum likelihood value is again obtained. 
7.3.3 Fitting fixed effects 
The variance components method that I used allows fixed effects to be included in all 
of the models. In Chapter 2 I described a generalised linear model (GLM) in which 
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were demonstrated to be associated with birth weight were categorical, e.g. mother's 
reproductive status, subdivision of study area, sex (see Chapter 2; Appendix A). The 
model described in Chapter 2 had a large sample size (n = 1072) so that all levels of 
any categorical explanatory variable contained at least 30 cases. However, this may 
not be true for the smaller sample used in the QTL analysis (n = 365) and so any 
categorical variables where cell sizes were less than 30 were susceptible to Type 1 
error (Crawley 1993). Applying this rule, only the following covariates and fixed 
effects were fitted: April-May mean temperature, birth date, mother's reproductive 
status, and sub-division of study area. Models that used this data set are referred to as 
using afixed effects input file. 
Although the fixed effects data set was conservative in that categorical variables 
were not fitted if cell sizes were small, a number of environmental variables known 
to influence birth weight could not be included. The ability to detect QTL may 
depend on removing as much environmental variation as possible (Chapter 3) and so 
an alternative input file to that used in the fixed effects data set was also used. Rather 
than use raw values of birth weight and include fixed effects in the model, the 
residual values from a GLM similar to the one described in chapter 2 were used. The 
only explanatory variable not fitted in this GLIvI residuals data set was 'MAXI 
descendant'. This model is expected to have slightly greater power to detect QTL 
than the fixed effects model as more environmental variation has been accounted for. 
Finally, I ran a model that fitted standardised multi-locus heterozygosity (IVIILH) as a 
covariate, in addition to the GLM residual values. In Chapter 8 I describe how 
standardised MILH is positively associated with birth weight. However, there is a 
good reason for performing a QTL analysis both with and without IVILH included as 
a covariate. The variance components method used does not specify a particular 
genetic model. In theory it is not possible to determine whether a QTL acts in an 
additive or a dominant fashion. Thus, if there was overdominance acting at a QTL, 
and animals heterozygous at this locus had a higher MILH, then the effect of the QTL 
may be underestimated when MILH is fitted as a covariate. The data file that included 
MILH as a covariate was termed the GLIvI residuals + heterozygosity input file. 
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7.3.4 Obtaining test statistics 
Two different test statistics were obtained from the variance components analysis. 
One tested for polygenic variation (heritability), and the other for the presence of a 
QTL in a specific region. Performing this second test across the entire genome was 
the ultimate goal of this thesis. 
Polygenic variation: 
By comparing the maximum likelihood value obtained from the polygenic model, 
with that obtained from a model in which heritability is assumed to be zero (the null 
model) a likelihood ratio test (LRT) statistic can be calculated using the formula: 
LRT = -2 [maximum likelihood (ML) of reduced model - ML of full model]. 
(Lynch and Walsh 1998) 
The LRT statistic is distributed as a half times a x2  with one degree of freedom, and a 
half times a point mass of zero (Almasy and Blangero 1998). To obtain a 
significance value a x2  distribution with 1 d.f can be used, and the p-value halved. In 
other words LRT statistics of 2.71 and 5.41 correspond to p-values of 0.10 and 0.02 
for a X 2 with 1 d.f, but should be halved, giving p-values of 0.05 and 0.01. An LRT 
statistic can be converted to a LOD score (base 10) by dividing by 21n(10) = 4.6 
(Lynch and Walsh 1998). 
Detecting QTL 
For this test the LRT statistic was obtained by comparing the maximum likelihood 
values for the polygenic + QTL model with the polygenic model. In other words, the 
region under investigation had to be describing trait variation over and above that 
attributable to the polygenic effects of unlinked loci. The LRT statistic and p-value 
are obtained in the same way as described for the polygenic model. By estimating the 
LRT statistic and LOD score for different points along a chromosome a profile for 
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In theory, a LRT statistic could be obtained by comparing the QTL model with the 
null model. However, this comparison may include a polygenic component, hence 
inflating the amount of trait variation attributable to loci in the region under test. To 
be conservative I do not report the LRT statistics obtained from the QTL model 
versus null model comparison. 
7.3.5 Significance thresholds 
A highly contentious issue in QTL mapping is that of statistical significance (Lander 
and Krugylak 1995). When carrying out a genome-wide search for QTL, multiple 
tests for linkage are performed, and it is probable that a number of these will exceed 
a p value of 0.05 by chance alone (Type 1 error). A solution may be to use a 
Bonferroni correction for multiple tests, whereby an overall experiment-wide 
significance level can be obtained by dividing the desired p value by the number of 
tests (Sokal and Rohlf 1995). However, a Bonferroni correction assumes that all tests 
are independent, and clearly this is not the case when several closely linked regions 
are being tested for the presence of a QTL. One solution may be to treat each 
chromosome as an independent test, and obtain an experiment wide significance 
level by dividing the desired p value by the number of chromosomes tested. 
However, red deer have a relatively large number of autosomes (n = 33), and an 
experiment-wide significance threshold of p = 0.05/33 = 0.0015 may be too 
stringent, resulting in real QTL being missed (Type 2 error). 
An alternative and more robust approach to obtaining experiment wide significance 
results is to use permutation testing (Churchill and Doerge 1994; Doerge and 
Churchill 1996). By this method trait values are randomly shuffled between 
individuals but the marker data are retained. The test statistic is calculated and the 
procedure repeated many times generating an empirical distribution of the test 
statistic under the null hypothesis of no QTL segregating. From this distribution 
significance thresholds can be calculated that are robust to the distribution of effects 
(Lynch and Walsh 1998). However, a permutation test is not applicable to the models 
tested here, because swapping the phenotypes with respect to genotypes will not only 
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variance. Hence, an empirical distribution for the case of no QTL segregating over 
and above the background polygenic variation cannot be obtained. 
Guidelines to what significance levels should be used to assign linkage were 
suggested by Lander and Krugylak (1995). They recommended the use of different 
criteria for evidence that a QTL is segregating. Suggestive linkage corresponds to a 
test statistic that is expected to be exceeded at least once by chance in a genome-wide 
scan. Significant linkage corresponds to a test statistic that is expected to be exceeded 
0.05 times by chance in a genome-wide scan. Lander and Krugylak (1995) derived a 
formula for calculating these thresholds as a function of genome length and number 
of chromosomes. For an outbred pedigree: 
t (T) = [C+2pGX] ct(T) 
where t (T) is the mean number of times that a LOD score T is expected to be 
exceeded in a genome-wide scan. 
C is the number of chromosomal pairs (n=33 for red deer) 
p is a parameter related to the crossing-over rate and =1 for general pedigrees 
G is the total map length (in Morgans) 
X is the LRT statistic described above. 
a(T) is the significance of exceeding threshold T assuming that X is distributed as 
half times a x2  with d.f =1 and half times zero. 
I obtained estimates of thresholds for suggestive linkage and significant linkage by 
solving this formula for i (T) = 1 and 0.05 respectively. 
The total length of the map I constructed from the MAXI pedigree was 508.5 cM. 
However, in the QTL analysis IBD coefficients were calculated for positions 10 cM 
beyond the markers at either end of each linkage group. Additionally, markers that 
were unlinked to any other were used in the QTL analysis, and I regarded these as 
representing a 10cM segment of chromosome. Thus, when calculating thresholds for 
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Solving the Lander and Krugylak (1995) formula yields LOD scores of 1.4 (LRT = 
6.44) and 2.8 (LRT = 12.88) for suggestive and significant linkage respectively. It 
could be argued that these thresholds should be reduced as the markers were spaced a 
relatively large distance from each other, and the formula assumes an infinitely dense 
map. 
Once thresholds for suggestive and significant linkage are determined there still 
remains the problem of actually deciding whether a QTL is really segregating. 
Lander and Krugylak (1995) suggest that every test yielding a  value of 0.05 or less 
(before allowing for multiple comparisons) should be reported, but that a QTL can 
only be considered as confirmed if exceeding an experiment-wide significance of 
0.05 in two independent studies. With this in mind I report any tests that are 
significant atp <0.05 (corresponding to an LRT of 2.71 or a LOD of 0.59). 
7.4 Results 
7.4.1 Polygenic Variation 
All three input files (fixed effects, GLM residuals and GLM residuals + 
heterozygosity) gave significant and similar estimates for the amount of polygenic 
variation for birth weight segregating in the pedigree (see Table 7.1). Additionally, 
the PEST VCE software gave an almost identical estimate for the fixed effects data set. 
These values are all similar to those obtained by Kruuk et al. (in press), who 
estimated birth weight separately for males and females, obtaining values of 0.112 ± 
0.067 and 0.250 ± 0.071 respectively. Note that only the PEST VCE software provides 
a standard error for the estimated heritability. 
Clearly there is substantial additive genetic variation for birth weight segregating in 
the MAXI pedigree. As expected, the residuals data set gave a higher estimate of 
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Table 7.1: Estimates of polygenic component for birth weight obtained from the three 
different input files described in section 7.3.3. An estimate for the fixed effects data set 
was also obtained using the PEST VCE software. 
Input File 	ML of null ML of 	LRT 	LOD 	P 	Heritability 
model 	polygenic 
model 
Fixed effects 	-195.0166 	-192.0595 5.91 	1.29 	0.004 	0.176 
GLM Residuals 	-180.1100 	-176.5535 7.11 	1.55 	0.002 	0.195 
GLM Residuals + 	-176.4962 	-173.7386 5.52 	1.20 	0.005 	0.176 
heterozygosity 
PEST VCE (using 	- 	 - - 	- 	- 	0.178 ± 0.067 
fixed effects) 
One other fitness related trait for which there were complete data in the MAXI 
pedigree, and for which a QTL analysis might be possible, was juvenile survival (to 
age two). However, there was no evidence for any heritable variation for this trait 
(data not shown) and so no further analyses were undertaken. 
7.4.2 Variation in birth weight due to QTL 
Weak evidence for birth weight QTL was found on three different chromosomes (see 
Table 7.2). The thresholds for suggestive linkage (LOD = 1.4) and significant linkage 
(LOD = 2.8) were never exceeded, although all three regions were significant at p < 
0.05. Plots showing the LRT statistic and LOD score at intervals along linkage 
groups 14 and 21 are given in Figure 7.2. The other significant result was for the 
marker MAF18 which is believed to be on linkage group 23, but was unlinked to any 
other marker, and so only analysed as a single point marker. The three different input 
files gave very similar results across the entire genome, and no single input file 
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Table 7.2: Evidence for birth weight QTL on 3 linkage groups. 
The table shows the roportion of trait variation attributable to the QTL (q 2) , the remaining 
polygenic variation (h ), the nearest marker to the point giving the highest test statistic, the 
LOD score, the likelihood ratio test statistic (LRT) and the probability of obtaining that LRT by 
chance (p) in a single test. The fixed effects input file included four continuous explanatory 
variables (see 7.3.3), the GLM residuals file used the residual values obtained from a GLM 
containing extra categorical terms and a larger sample size (see 7.3.3), while the GLM 
residuals + heterozygosity file additionally included multilocus heterozygosity estimated from 
71 markers, as a continuous fixed effect (7.3.3). The three input files give similar results. 
Linkage 	Input File 
group 
q2 h 2 Nearest 
marker 
LOD LRT p 
14 	Fixed effects 0.245 0 JP14 0.87 3.75 0.026 
GLM residuals 0.245 0 JP14 1.17 5.40 0.010 
GLM residuals + 0.236 0 JP14 0.87 3.98 0.023 
heterozygosity 
21 	Fixed effects 	0.243 	0 	BM2934 	1.17 	5.40 	0.010 
GLM residuals 	0.239 	0 	BM2934 	0.85 	3.90 	0.024 
GLM residuals + 	0.183 	0 	BM2934 	0.53 	2.43 	0.060 
heterozygosity 
23 	Fixed effects 	0.273 	0.087 	MAF18 	1.31 	6.02 	0.007 
GLM residuals 	0.194 	0.077 	MAF18 	0.86 	3.94 	0.024 
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Figure 7.2: Profiles of likelihood ratio test (LRT) statistics along linkage groups 14 (upper 
plot) and 21 (lower plot). Locations of markers are indicated, in addition to the thresholds for 
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7.5 Discussion 
The results of the QTL analysis are somewhat tantalising. No region of the genome 
exceeds the suggestive or significant linkage thresholds proposed by Lander and 
Krugylak (1995). However, three unlinked regions all have an LRT statistic 
significant at the  < 0.05 level. From the Lander and Krugylak (1995) formula it is 
estimated that an LRT of 3.90 (the value for the least significant of the 3 putative 
QTL) would be exceeded about 2-3 times by chance alone in a genome-wide scan. It 
could be argued that my estimated values for suggestive and significant linkage are 
conservative for two reasons. First, I used an estimate of total genome length that 
was greater than the length of the map presented in Chapter 6 (to account for the fact 
that unlinked markers were included in the QTL analysis). Second, I assumed that 
the map used was infinitely dense. Although the multipoint mapping method 
employed can be used to calculate IBD coefficients at any location, it is also the case 
that the markers were not densely mapped. Hence the ability to accurately estimate 
IBD coefficients was severely compromised at many locations, reducing the power 
to detect QTL. Lander and Krugylak (1995) suggest reducing their significance 
thresholds for single point mapping by 20% when markers are spaced at 10cM, and if 
a similar adjustment was made here all three regions would have a LOD score in 
excess of the suggestive linkage threshold. It is clearly too early to say whether these 
significant regions are true QTL or merely represent statistical artefacts. 
If one or more of the significant regions really does represent a QTL segregating then 
they are probably of large effect. The maximum likelihood method used for the 
simulations presented in Chapter 3 has similar power to the variance components 
method that was used in the actual QTL analysis (Wijsman and Amos 1997). The 
simulations clearly show that only QTL exceeding the Falconer and Mackay (1996) 
threshold for a major gene (in which an allelic substitution is equivalent to at least 
0.5 of a phenotypic SD) are likely to give a LOD score of 1.0 or greater (see Chapter 
3). Even under an idealised scenario in which a QTL of magnitude 0.5 phenotypic 
SD is completely linked to a marker with heterozygosity 0.89, a LOD of 1.0 will 
only be exceeded with probability 0.24 (Table 3.3). The estimates of QTL magnitude 
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are segregating. For all three significant regions it was estimated that the QTL 
accounted for around 25% of the phenotypic variation. In fact, at two locations it was 
estimated that the entire additive genetic variation was attributable to the QTL. 
Clearly independent regions cannot each account for all of the additive variation, and 
it is almost certain that if any of these regions represent true QTL their magnitude 
has been overestimated. Interestingly, Visscher et al. (1999) found that QTL detected 
for unipolar and bipolar disorder in humans explained all of the additive variation 
when using exactly the same technique as the one presented here. Although uni- and 
bipolar disorder may well be explained by one or a few major genes, it also seems 
probable that variance components methods are not exempt from the problem that 
QTL magnitude tends to be overestimated in most studies (Beavis 1994; Chapter 1). 
In Chapter 3 I showed that the power to detect QTL in the MAXI pedigree was similar 
to that for the Père David's / red deer backcross pedigree used by Goosen (11997) to 
detect birth weight QTL on linkage group 4. There was no evidence for any QTL on 
linkage group 4 in this analysis, suggesting that the effect observed by Goosen 
(1997) is due to a fixed difference between the two species used in that cross. 
However Goosen (1997) also found a region on linkage group 23 that gave a LOD 
score of 2.37, exceeding a suggestive linkage threshold of 1.90. This possible QTL 
was assigned to the interval flanked by MAF 18 and another marker 20cM away. 
Clearly this result lends further support to the significant LRT statistic found at 
MAF 18 in this study. Although caution must be employed in interpreting this result, 
it is certainly feasible that a QTL for birth weight is segregating in this region, and is 
conserved across both mapping populations. There is increasingly good evidence 
from the plant breeding literature that QTL are conserved across species (Kearsey 
and Farquhar 1998). Mapping studies in livestock have also provided evidence that 
QTL are conserved across breeds of pig (Walling et al. 1998) and across cattle 
breeds (Velmala etal. 1999). 
The LRT statistic profile for linkage group 21 is also of some interest. The maximum 
value is obtained at the marker BM2934 and is significant at  = 0.010. In Chapter 8 
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specific heterozygosity on birth weight. A more detailed discussion of this analysis is 
given in Chapter 8, but two loci, one of which was BM2934, showed an association 
between genotype and birth weight. Interestingly, the LRT profile for linkage group 
21 was not significant when the residuals + multi-locus heterozygosity input file was 
used. This might suggest that if a QTL is segregating at this location it includes a 
dominance component, and that the effect is dampened by fitting MILH as a fixed 
effect, which may be aliased with heterozygosity at the QTL. 
Given the degree of uncertainty over these results, how can it be established whether 
QTL really have been detected? In their summarising of the 10th  Genetics Analysis 
Workshop (GAW10), Wijsman and Amos (1997) pinpointed five factors that 
enhanced the ability to detect QTL. 
"These factors are. allowance for covariates, use of extended pedigrees, analysis 
with multipoint methods, use of a continuous as opposed to a discrete phenotype, and 
selective sampling ofpedigrees" (Wijsman and Amos 1997). 
I have certainly adhered to the first four of these criteria, and it could be argued that 
in selecting the MAXI pedigree, in which it is thought that novel genetic variation is 
segregating (Chapter 2), I have also complied with the fifth. This leaves two possible 
methods by which power could be increased. The first is to screen more markers in 
the regions of interest, increasing the accuracy of the estimated IBD relationship 
matrix. However, even with near perfect marker data, the simulations presented in 
Chapter 3 suggest that power would only be high to detect QTL of very large effect. 
An alternative (or additional) approach would be to screen more animals for those 
markers that gave a significant LRT statistic. Over one thousand animals were 
included in the birth weight GLM described in Chapter 2, and the majority have been 
sampled for genetic purposes. Therefore the remaining animals could be genotyped 
for any loci of interest, and the QTL analysis repeated. One possible drawback of this 
approach is that the additional animals are probably not descended from MAXI 
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segregating in the smaller pedigree were introduced by MAXI, they may still be 
impossible to detect, even if using the much larger pedigree. 
Of the three regions with putative QTL, linkage group 14 may benefit the most from 
screening additional markers. The LRT statistic profile for this region shows 
significant (p < 0.05) peaks at markers JP14 and BM1706, which are spaced about 
30cM apart. These peaks could represent 0,1 or 2 regions that genuinely explain 
variation in birth weight. However, it appears possible that a single QTL may be 
segregating at a location between these two markers, and that a larger central peak 
was not observed due to a lack of marker information. It is already known that 
microsatellites can be reciprocally assigned linkage across homologous ruminant 
chromosomes (Crawford et al. 1995; de Gortari et al. 1998; Chapter 6). Thus it 
would be worthwhile testing microsatellites mapped on cattle chromosome 16 and 
sheep chromosome 12, the homologues of deer linkage group 14, to see if they 
amplify a product in red deer. Any polymorphic markers could then mapped and 
those in the region of interest screened in the MAXI pedigree, increasing the power to 
detect QTL in this region. 
I have made no attempt to determine a 95% confidence interval for the location of 
any putative QTL in this study. As a limited number of markers were used on each 
linkage group, it is inevitable that test statistics will be highest near these markers 
and that determining the position of QTL without a degree of bias will be impossible. 
It is generally regarded that a one—LOD support interval gives a reasonably good 
95% confidence interval for the position of a QTL (Paterson et al. 1988; Lander and 
Botstein 1989; Lynch and Walsh 1998), although Visscher et al. (1996) showed that 
a bootstrap approach is more accurate. Under the former method, the 95% 
confidence interval incorporates the region where the LOD score falls within a LOD 
of 1 of the maximum value. However, the greatest LOD score that I obtained on both 
linkage groups 14 and 21 was LOD = 1.17 (see Table 7.2) and the 95% confidence 
region would include the entire linkage group. Screening more markers and more 
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be located, although 95% confidence intervals are rarely less than 20cM (Lynch and 
Walsh 1998). 
The estimate of heritability for birth weight in this study is marginally lower than 
expected. Taking the mean from the male and female estimates obtained by Kruuk et 
al. (in press) gives an estimated heritability of 0.182, almost exactly the estimate that 
I obtained. However it was anticipated that this analysis would yield a higher 
estimate of heritability than that of Kruuk et al. (in press) for three reasons. First, in 
this study the estimate was made after the removal of fixed effects explaining around 
18% of the trait variation (see Chapter 2). Second, it was expected that heritability 
would be higher in the MAXI pedigree than for the general population, due to the 
input of novel genetic variation from this recent introduction. Third, all paternities 
used in the corrected MAXI pedigree can be assumed to be true (Chapter 5), whereas 
up to 20% of those used by Kruuk et al. (in press) are likely to be wrong. False 
assignment of paternity is likely to cause slight underestimates of heritability, 
although Kruuk et al. (in press) argue that any such bias will be small in their study. 
There is no obvious reason why a higher estimate of heritability was not obtained in 
this study, although it may be a consequence of using a smaller sample size than that 
used by Kruuk et al. (in press). It should also be pointed out that the 95% confidence 
intervals from both studies are approximately 0.05 - 0.30, and that it may not be 
possible to detect any differences between estimates of heritability. Finally, it is 
possible that the MAXI introduction led to an input of novel dominance variance 
rather than additive genetic variation, in which case heritability might not be higher 
in the MAXI pedigree. 
In summary, this chapter represents the first ever attempt to map QTL in an 
unmanipulated natural population. Additionally this is the first QTL study to use a 
variance components approach in a complex pedigree for any species other than 
humans. Although the results are open to several interpretations, it is possible that 
QTL of major effect on birth weight are segregating. Birth weight is associated with 
most fitness components in this population, especially those related to lifetime 
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segregating in the population is in direct contrast to inferences commonly made from 
Fisher's fundamental theorem. If major genes for birth weight genuinely are 
segregating it remains to be seen whether this is a consequence of the recent 
introduction, and if so whether selection will drive any favourable alleles to fixation 
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8 Microsatellites as a tool for measuring non-additive 
genetic variance 
8.1 Introduction 
So far, this thesis has focused on additive genetic variation for fitness related traits. 
In Chapter 11 reviewed the literature on heritability and other measures of additive 
variance for both fitness and fitness related traits. The current consensus is that 
fitness traits tend to be less heritable than morphometric traits, but that this low 
heritability is attributable to a high residual variance rather than a low additive 
genetic variance (Price and Schluter 1991; Houle 1992; Roff 1997; Merilä and 
Sheldon 1999; Kruuk et al. in press). Until recently, quantitative geneticists paid 
little attention to residual variance in natural populations, and a common assumption 
was that high residual variance is caused by high environmental variance. 
Consequently, the role of non-additive genetic effects (dominance and epistasis) in 
the wild have been largely ignored. This chapter focuses on microsatellite-based 
measures that may be useful as tools to measure dominance variance. 
Given the limited number of studies that have attempted to estimate the heritability 
and additive genetic variance of fitness related traits in wild populations (Chapter 1), 
it is unsurprising that dominance variance has been largely ignored. Measuring 
dominance variance in the wild is not trivial, the most straightforward method being 
to compare the covariances between full-sibs with those between half-sibs. 
Dominance variance only contributes to the covariance between full-sibs and can be 
estimated by solving the following equation: 
Covariance between full sibs - 2 (Covariance between half sibs) = /4 VD 
(Falconer 1989) 
However this method is likely to be problematic for several reasons. First, it is 
assumed that there is no environmental contribution to the phenotypic covariances. 
This assumption seems unrealistic, especially for full-sibs. Second, the standard 
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of dominance variance with a large standard error. Third, it is often difficult to 
distinguish between full and half-sibs in wild populations. Finally, even if they can 
be distinguished, there may be insufficient numbers of one or other type of sibship to 
estimate dominance variance. 
Dominance variance can also be estimated using variance components procedures, 
and extending the 'animal model' so that a dominance genetic relationship matrix 
can be fitted as a random effect (Lynch and Walsh 1998). However, this approach is 
prohibitive for most natural populations as detailed, accurate pedigree information is 
required. Furthermore, the problems encountered when estimating dominance 
variance from half-sib and full-sib covariances are also likely to apply to these 
alternative procedures. 
Recently derived methods use a large panel of molecular markers to infer relatedness 
between individuals, so that quantitative genetic parameters can be estimated 
(Ritland 1996; Lynch and Ritland 1999). By comparing covariances between the 
different classes of inferred relative, dominance variance components can be 
estimated. These methods are attractive, ,as detailed multigenerational pedigrees are 
not required. However, the standard errors of estimated relatedness between 
individuals tend to be large, unless many highly informative markers are used (Lynch 
and Ritland 1999). Consequently, distinguishing between the different categories of 
relative (e.g. between full and half-sibs) is likely to be problematic, making estimates 
of dominance variance difficult to obtain. It remains to be seen whether these 
methods become widely applied in natural populations, although current progress is 
encouraging. 
Given the difficulty of estimating dominance variance in the wild directly, another 
approach might be to measure variables that are associated with dominance variance. 
Multi-locus heterozygosity (hereafter referred to as MILH) is often positively 
correlated with quantitative traits (Allendorf and Leary 1986; Mitton 1994; Roff 
1997; Lynch and Walsh 1998). A number of alternative, and not necessarily 
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overdominance, associative overdominance and the inbreeding hypotheses (Mitton 
1994; David 1998; Lynch and Walsh 1998). An important feature of all of these 
mechanisms is that there must be dominance variance for the trait in order for an 
association with MLH to be observed. In other words, the strength of the relationship 
between JvIILH and trait value should be related to the amount of dominance variance. 
8.1.1 Earlier work using MLII and related measures in the study population 
Earlier work on the consequences of inbreeding in the study population (Coulson et 
al. 1998b; Marshall 1998; Coulson et al. 1999) was introduced in Chapter 2. Two 
different molecular measures have been employed to detect the effect of inbreeding 
on fitness - MILH and a recently derived measure, mean d2 (Coulson et al. 1998b; 
Coltman et al. 1998). Mean d2 for an individual is calculated by summing the 
squared difference in repeat units of the two alleles at each microsatellite locus and 
dividing by the number of loci screened. It has been suggested that mean d2 detects 
the degree of divergence between the gametes which formed an individual (Coulson 
et al. 1998b; Coltman et al. 1998). Thus, in addition to detecting the degree of 
inbreeding (which is also measured by MIILH), mean d2 also has a degree of 
outbreeding component. 
The first investigation of inbreeding depression in the study population (Coulson et 
al. 1998b) showed that birth weight was positively associated with high mean d2 and 
that there was also an interaction term with mean April temperature, such that in 
years with low temperature, calves with low mean d2 had particularly low birth 
weights. In an analysis of neonatal survival high mean d2 calves were more likely to 
survive, although this effect was only significant when birth weight was excluded 
from the model. Note however, that MILH never explained significant variation in 
either birth weight or neonatal survival, despite the large sample size (n = 670 
calves). It was argued that mean d 2 was measuring heterosis, caused by the Rum 
population being founded from different sources (Coulson et al. 1998b). 
A subsequent analysis investigated associations between MILH or mean d2 and first- 
year over-winter survival (Coulson et al. 1999). Male and female calves were 
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analysed in separate models as non-genetic factors appeared to act differently on the 
two sexes. For females, mean d2 but not MILH was positively associated with calf 
survival. However the relationship was in the opposite direction for males, with high 
mean d2 calves experiencing reduced over-winter survival. Coulson et al. (1999) 
speculated that male calves with high mean d2 grow muscle rather than fat deposits, 
with the consequence that they experience reduced survival in adverse winters. 
However, calves who survive are relatively large and have increased lifetime 
reproductive success. In males birth weight was a significant term, and again there 
was no association between survival and MILH. Note that in both studies of the 
associations between inbreeding measures and juvenile traits, mean d2 appeared to be 
a more reliable measure than MILH. 
Mean d2 and MILH have also been used to investigate the existence of inbreeding 
depression and heterosis for adult life history traits (Marshall 1998). However these 
analyses only included calves born between 1982 (when routine sampling began) and 
1986 (the inclusion of later years would have been inappropriate as some members of 
each cohort were still living and had incomplete life history data), so the sample sizes 
were considerably smaller than for the studies of juvenile traits. The earlier work on 
adult life history traits is discussed in greater detail in Chapter 9, but it is worth 
mentioning that Marshall (1998) concluded that mean d2 was at least as good as 
MLH as a tool for measuring the consequences of inbreeding. 
8.1.2 Aims of this chapter 
A panel of 350 animals with well-documented life histories and genotypes at up to 
84 loci (Chapter 4) represents a good resource for reassessing the earlier work on 
inbreeding depression / heterosis. In particular the data were used to address three 
related questions: 
• How are the two genetic variables MLH and mean d2 related to each other, and 
are they correlated across loci? 
• Do the previous analyses that used MLH / mean d2 to detect the consequences of 
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. How many loci and individuals are required to reliably measure dominance 
variance of a trait? 
In this chapter, particular emphasis is placed on birth weight. Previous chapters have 
investigated additive genetic variance for birth weight, and in order to further 
understand the genetic architecture of this trait, the role of dominance variance must 
be considered. Furthermore, birth weight is the most extensively recorded trait in the 
population, and can be used to investigate the power to detect associations between a 
trait and the genetic variables considered. 
8.2 Methods 
8.2.1 Deriving genetic variables 
Four different genetic variables were calculated from the microsatellite data: MILH, 
standardised MLH, mean d2 and restricted mean d2 . All 71 loci for which there was 
no evidence of null alleles were used, although an animal had to be genotyped for at 
least 20 loci in order to be included in the data set. For comparison the same genetic 
variables were also calculated for the 1,168 animals that were typed (by myself) at 
nine microsatellite loci in an earlier large scale paternity analysis (Marshall 1998, 
Marshall et al. 1998). Animals were only included in the larger data set if they were 
genotyped for at least six loci. These nine loci were used in the previous 
investigations of inbreeding depression in the study population (Coulson et al. 
1998b, Marshall 1998, Coulson et al. 1999). The genetic variables were calculated as 
follows: 
Multilocus heterozygosity (MLH): The proportion of typed microsatellite loci at 
which an individual was heterozygous. MLH 71 refers to MILH when calculated in 
individuals typed at up to 71 loci, and MLH9 is calculated from the larger set of 
individuals scored at up to nine loci. 
Standardised MLII: The ratio of the MLH of an individual to the mean MILH at the 
loci at which the individual is typed. This measure avoids any bias that may be 
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and was used by Coltman el al. (1999b) in a study of parasite resistance in Soay 
sheep (Ovis aries). Standardised MLH is hereafter referred to as sM1LH 
Mean d2 : A derivation of this statistic is given in Appendix A. 
Restricted mean d2 : A number of loci had a distribution that did not appear 
compatible with a step-wise mutation process (Valdes et al. 1993), and so mean 
was re-calculated without these loci. A locus was regarded as non-stepwise if there 
was an interval of 20 bp or more between any two alleles. Excluded loci were 
BM1815, BM757, CSRM60, INRA1 1 and INRA121 (see Appendix H). Note that all 
of the nine loci described by Marshall (1998), and used by Coulson et al. (1998b) in 
their mean d2 analysis appeared compatible with a stepwise model, and so restricted 
mean d2 was not calculated for the nine-locus data set. 
8.2.2 Model Construction 
I used generalised linear modelling (GLM) techniques implemented with the 
software package SPLUS 4.5 (MathSoft) to test for associations between MILH / mean 
d2 and either birth weight or juvenile survival. A description of predictor and 
response variables is given in Appendix A. Birth weight was normally distributed 
(see Chapter 2) and was modelled assuming a normal error structure. Components of 
juvenile survival to age two were modelled assuming a binomial error distribution. 
As with the GLM presented in Chapter 2, deletion testing was used to investigate the 
significance of each term. Terms were retained in a model if significant at p < 0 .05, 
and categorical variables were only tested if the smallest cell size was at least 30 
individuals. Unless stated otherwise, a maximum of one genetic term was included in 
any model. The predictor variables tested are presented with the actual models. 
8.2.3 Power to detect the 5MLH-birth weight association: 
Since a positive association was discovered between 5M1LH 71 and birth weight (see 
results), various power analyses were performed. Three factors influencing power 
were investigated: the number of loci typed, the number of animals analysed, and the 
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Effect of number of loci on power: 
sMLH was calculated for 100 replicates of 10, 20 and 40 randomly chosen loci. Each 
locus was drawn from the original 71 loci and sampled without replacement. sMLH 
was tested in a GLM for birth weight in which the following predictor variables were 
included: mother's reproductive status, subdivision of study area, spring temperature 
and birth date. Power was determined by scoring the number of replicates (out of 
100) for which 5MILH explained significant variation (p < 0.05) in birth weight when 
fitted in the GLM. The sample size for all replicates was 281, as birth weight or 
particular predictor variables were unrecorded for a number of individuals. 
Effect of sample size on power: 
100 replicates of datasets containing 25, 50, 100 or 200 randomly chosen animals 
were created. For each replicate a linear regression was performed, in which the 
relationship between sMLH7 1 and residual birth weight (calculated from the GLM 
described above) was tested. The effect of the non-genetic terms described in the 
previous section were removed prior to the regression because a GLM fitting the 
categorical terms could not have been performed for the smaller samples. Power was 
determined by scoring the number of replicates for which standardised 5M1LH7 1 
explained significant (p < 0.05) variation in birth weight. 
Effect of marker heterozygosity on power: 
The 71 loci were ranked in order of decreasing heterozygosity and divided into seven 
groups (six of ten loci and one of 11 loci). MILH and sMILH were calculated for each 
group, and these variables were tested as predictor terms in a GLM for birth weight 
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8.3 Results 
8.3.1 Summary statistics for genetic variables 
Histograms of the genetic variables (calculated from the 71 loci and nine loci 
datasets) are given in Figures 8.1 and 8.2. Note that 5MLH (at nine or 71 loci) and 
MILH71 are approximately normally distributed. In contrast MILH9 and all of the mean 
d2 variables are positively skewed. As with previous studies (Coulson et al. 1998; 
Coulson et al. 1999) these data were not log transformed for subsequent analyses, as 
the GLM methods used for further analysis are relatively robust to non-normal data. 
When genetic variables were measured using the nine original loci, the summary 
statistics were almost identical for the MAXI pedigree (MLH9 : mean = 0.76, SD 
0.16; mean d2 : mean = 36.8, SD = 20.2) and the overall population (MILH 9 : mean 
0.75, SD = 0.16; mean 	mean = 36.4, SD = 20.6). It appears that the MAXI 
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Figure 8.1 (a-d): The distribution of MLH and standardised MLH for calves typed at 9 loci (n 
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The sample statistics and histogram (Figure 8.2b) for unrestricted mean d2 (71 loci) 
were of particular interest. When mean d2 was estimated with the inclusion of the 
five non-stepwise loci, the distribution appeared bi-modal. Furthermore, the mean 
and the variance were large compared with the restricted estimate (Fig. 8.2c) or the 
nine locus estimate (Fig. 8.2a). It appeared that these particular loci contributed 
disproportionately to the unrestricted measure and so it was not used in any 
subsequent analyses. 
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Figure 8.2 (a-d): Histograms of (a) mean d2 scored at the 9 loci used by Coulson et aL 
(1998b). (b) mean d2 scored at 71 loci and (c) restricted mean d2 (see text). Figure 8.2 (d) 
shows the relationship between standardised heterozygosity (71 loci) and restricted mean 
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A summary of the correlation coefficients between the various genetic variables is 
given in Table 8.1. 5MLH71 was highly correlated with MILH71 (r = 0.98 5), was 
normally distributed, and is unbiased by animals being scored at different 
combinations of loci. Hence, the standardised measure was used in all subsequent 
analyses unless stated otherwise. Although they are clearly related genetic variables, 
mean d2 was only weakly correlated with MLH. The correlation coefficient between 
sMILH71 (which is presumably a good indicator of true genome-wide MLH) and 
mean d2 estimated from nine loci (the variable used in the earlier analyses) was only 
0.138 (see Table 8.2). 5MLH71 was only weakly correlated (r = 0.332) with 5MLH9 , 
suggesting that nine loci were insufficient to accurately measure genome-wide 
heterozygosity. 
Table 8.1: Correlation coefficients between restricted mean d2, mean d2 estimated from 
9 loci, MLH7 1 , standardised MLH 71 and standardised MLH9. The above diagonal shows 
the product-moment correlation coefficient r, and the below diagonal is the corresponding 
probability value (n = 346 individuals). 
Restricted 	Mean d MLH71 	Standardised Standardised 
mean d2 	(9 loci) MLH7 1 MLH9 
(66 loci) 
Restricted mean d2 - 	 0.428 0.252 	0.251 0.233 
(66 loci) 
Mean d2 (9 loci) <0.001 	- 0.141 	0.138 0.399 
MLH7 1 	 <0.001 	0.009 	- 	 0.985 	 0.332 
Standardised 	<0.001 	0.011 	< 0.001 	- 	 0.332 
MLH7 1 
Standardised MLH 9 	<0.001 	<0.001 	< 0.001 	<0.001 	 - 
An earlier analysis (Coulson et al. 1999) measured individual d2 scores at each of the 
original nine loci, and then examined correlations across loci. A significant 
proportion (25/36, p < 0.05) were positive. However, in this study, individual d2 
scores at each locus were not positively correlated (Spearman' s ranked) across the 71 
loci more often than expected by chance (1257 positive vs. 1228 negative 
correlations, G = 0.26, ns). More correlations were significant at p < 0.05 than 
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there was no evidence that individual d2 scores were positively correlated across loci 
(96 positive vs. 78 negative, G = 1.88, ns). Overall, there was no evidence that d2 
was correlated across loci. 
A similar analysis of the (Spearman's ranked) correlation between heterozygosity at 
each locus was performed. There were significantly more positive correlations than 
expected by chance (1292 positive vs. 1193 negative, G = 3.95, p = 0. 047), but there 
were no more significant (at p < 0.05) correlations than expected by chance (144 
significant correlations, G = 2.75, ns). This subset also contained significantly more 
positive than negative correlations (88 positive vs. 56 negative, G = 7.17, p < 0.01). 
Thus, unlike d2, heterozygosity is weakly correlated across loci, indicating that MLH 
can distinguish between relatively inbred and outbred animals in this population. 
Note that for both d2 and heterozygosity, Spearman rank correlations were performed 
as both variables were non-normally distributed when measured at individual loci. 
8.3.2 Associations between MLII or mean d 2 and juvenile traits 
8.3.2.1 Birth weight 
5MILH was positively associated with birth weight in a number of different models. 
For brevity, not every model is described in detail. In contrast mean d2 was never 
associated with birth weight. In a joint sex model (Table 8.2) which included 
subdivision of study area, mother's reproductive status, spring temperature and birth 
date as significant terms, 5MLH71 was positively associated with birth weight (p < 
0.01). The sex of the calf was not a significant term in this model, and there was no 
significant interaction term between sex and sMLH71 . This model, minus 5M1LH71 , 
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Table 8.2: GLM for birth weight for MAXI pedigree animals typed at up to 71 loci 
Null model deviance = 387.8. Full model deviance =288.9. 
Deviance explained = 25.5%. n =281 
Term Term Type d.f. F P Deviance 
explained 
Mother's reproductive status Factor (5 levels) 4,273 10.24 <0.0001 44.0 (11.3%) 
Area Factor (5 levels) 4,273 4.45 <0.005 19.1 (4.9%) 
Birth date Continuous 1,270 13.71 <0.001 14.7(3.8%) 
Mean spring temp Continuous 1,270 12.85 <0.001 13.8(3.6%) 
sMLH7 1 Continuous 1,270 7.77 <0.01 8.4(2.2%) 
In addition to using 5MLH71 as a predictor variable, each locus was tested separately. 
Animals were coded as 0 if homozygous and 1 if heterozygous at a locus. Locus 
specific heterozygosity was fitted as a two-level categorical variable in a GLM 
containing the non-genetic terms listed in Table 8.2. Heterozygotes were 
significantly heavier than homozygotes at two loci (SPS1 13 and BM2934). As a 
large number (71) of loci were tested in the locus-specific models, problems of 
multiple testing arise. However, because heterozygosity was correlated across loci 
(8.3. 1) the tests were non-independent, and a Bonferroni correction would have been 
inappropriate. Note that SPS113 was highly significant at  <0.005, while BM2934 
was one of the loci on linkage group 21 with a LRT statistic significant atp <0.05 in 
the QTL analysis (Chapter 7). When fitted in a GLM that contained 51V11LH71 , these 
two loci still remained as significant terms, as did 5MLH71 (Table 8.3). Although 
only two loci showed significant associations with birth weight, heterozygotes were 
heavier than homozygotes at significantly more than half of the 71 loci 
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Table 8.3: GLM for birth weight with locus-specific and multi-locus terms fitted. 
Significant genetic terms include sMLH71 and heterozygosity at two unlinked loci (SPS113 
and BM2934). Null model deviance = 347.6, full model deviance = 229.9. Total deviance 
explained = 33.9%. 
TERM TERM TYPE d.f. F p Deviance 
explained 
Mother's reproductive status Factor (5 levels) 4,234 11.50 <0.0001 45.98 (13.3%) 
Area Factor (5 levels) 4,234 5.11 < 0.001 20.41 (5.9%) 
Birth Date Continuous 1,231 13.80 <0.0005 13.80 (4.0%) 
Mean spring temperature Continuous 1,231 10.41 <0.005 10.41 (3.0%) 
H5113 Factor (2 levels) 1,231 9.72 <0.005 9.71 (2.8%) 
HBM2934 Factor (2 levels) 1,231 6.84 <0.01 6.84(2.0%) 
5MLH7 1 Continuous 1,231 6.84 <0.01 6.84(2.0%) 
Separate sex models were also constructed for birth weight. Both spring temperature 
(p < 0.001) and MLH71 (p < 0.01) explained significant variation in male birth 
weight (see Figure 8.3). However neither term explained variation in female birth 
weight. The two five-level categorical terms were not fitted in these models, as cell 
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8.3.2.2 Neonatal survival: 
Neonatal survival was modelled by logistic regression, assuming a binomial error 
structure. No terms were significant in a sample size of 302 deer (157 females, 145 
males) when joint-sex or single sex models were constructed. 
8.3.2.3 Juvenile survival: 
Like neonatal survival, variables associated with juvenile survival (to two years old) 
were tested in a GLM assuming a binomial error structure. When fitted as a single 
predictor variable 5MJ-H71 was significant at p  <0.01. Calves with a higher 5MLH71 
had a greater probability of survival. In a joint sex model the following terms were 
significant at p < 0.05: density and spring temperature in the year of birth, birth 
weight, birth date, sex and mother's age. However, in the full model (not shown) 
sMILH7 1 was no longer significant (p = 0.061). There was no significant interaction 
between sMILH71 and any other term. Mean d2 did not explain significant variation in 
juvenile survival, whether tested on its own, or in a GLM with non-genetic variables. 
Surprisingly, calves born in warm springs had relatively poor juvenile survival. 
Single sex models were constructed, and when tested as a single predictor variable 
5MLH7 1 explained significant variation in male juvenile survival (p < 0.01, n = 145) 
but not female juvenile survival (p = 0.36, n = 157). In a more detailed model, 
sMILH7 1 remained associated with male juvenile survival (see Table 8.4). Again 
mean d2 was not a significant term in any model. 
Table 8.4: GLM for male juvenile survival. 
n = 145, null model deviance = 198.5, full model deviance = 160.8, 
total deviance explained = 19.0%: d.f. = 1 for all terms shown. 
Variable 	 X
2 	 p 	% Deviance Direction of effect 
explained 
Density 10.53 < 0.01 5.3% Survival low for calves born at high density 
Spring temperature 4.65 < 0.05 2.3% Survival low for calves born in warm springs 
Birth weight 4.29 <0.05 2.2% Heavier calves survive better 
Birth Date 4.24 <0.05 2.1% Late born calves survive worse 




NON-ADDITIVE GENETIC VARIANCE 
8.3.3 Power to detect MLII - birth weight associations 
8.3.3.1 Effect of number of loci on power 
The power to detect the birth weight-sM1LH association in the joint-sex model shown 
in Table 8.2 increased with the number of loci typed (Table 8.5). When 10 loci were 
used to calculate sMILH, power was very low (0.18). The greater the number of loci 
typed (x), the stronger was the correlation (Pearson) between sMILH and sMLH71 . 
Some caution must be taken when interpreting these data, as there is a degree of non-
independence between each replicate (as some replicates were estimated from a 
subset of the same loci). The most probable consequence of this is that power will be 
overestimated. Thus the power to detect an association between 10-locus 5MILH and 
birth weight may be even lower than 0.18. 
Table 8.5: The influence of the number of loci typed on the power 
to detect associations between 5MLH and birth weight. 
100 replicates were performed throughout. n =281 in each model. 
Number of loci typed 	Power 	Mean (SD) correlation coefficient (r) 
Between 5MLHx and 5MLH71 
10 	 0.18 	 0.425 (0.053) 
20 	 0.31 	 0.572 (0.055) 
40 	 0.63 	 0.784 (0.042) 
8.3.3.2 Effect of sample size on power 
The power to detect the 5M1LH71 -birth weight association (see Table 8.2) was also 
dependent on sample size (Table 8.6). For a sample size of 100 individuals, power 
was only 0.42. 
Table 8.6: Effect of sample size on power to detect the birth weight- 5MLH association. 
Note that the F statistic required for significance at p < 0.05 decreases with increasing 
sample size. The mean F statistic and power increase with increasing sample size. 
Sample size Required F for 
significance at p < 0.05 
Mean F (SD) Power 
25 4.28 1.77 (2.85) 0.12 
50 4.04 2.48 (2.54) 0.21 
100 3.93 3.85 (3.00) 0.42 
200 3.88 5.43 (2.00) 0.71 
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8.3.3.3 Effect of variability of loci on power 
A summary of the effect of heterozygosity on power to detect an association (see 
8.3.3.1) is given in Table 8.7. The association between MLH and birth weight was 
only detected by one subset often loci (the group containing the 21 to the 30th  most 
heterozygous loci). There was no evidence that the most variable loci had the 
greatest power to detect the association. It is possible that the most heterozygous loci 
are so variable that there is insufficient variation in MILH between individuals to 
detect any associations with birth weight. If this were the case, groups of loci with 
the greatest between individual variation would have the greatest power. There is no 
support for this theory either (Table 8.7). An alternative explanation for the observed 
results is that the low power obtained with 10 loci (see 8.3.3.1), masks any effect of 
marker heterozygosity. Note that the group of loci that was associated with birth 
weight included SPS 113, a locus independently associated with birth weight (see 
8.3.2.1). 
Table 8.7: Effect of locus variability on power to detect the MLH-birth weight 
association. Loci are sorted by decreasing heterozygosity and divided into groups of 10 
(group 1 being the most variable, group 7 the least variable). Mean heterozygosity is the 
average of the observed heterozygosity measured at each locus in that group. MLH was 
fitted as a predictor variable in the birth weight GLM shown in Table 8.2. Only group 3 is 
significant at p < 0.05, whether measured as standardised or unstandardised MLH. There is 
no evidence that power is greater for groups with the most variable loci, or for groups with 














1 0.868 (0.015) 0.022 0.017 0.46 0.50 0.45 0.50 
2 0.812 (0.021) 0.026 0.017 0.82 0.37 0.84 0.36 
3 0.766 (0.016) 0.046 0.027 4.61 <0.05 4.60 <0.05 
4 0.710 (0.017) 0.057 0.029 0.58 0.45 0.58 0.45 
5 0.666 (0.011) 0.072 0.032 1.35 0.25 1.42 0.23 
6 0.572 (0.089) 0.084 0.028 1.56 0.21 1.42 0.24 
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8.4 Discussion 
8.4.1 Do the MAXI pedigree data support previous studies of inbreeding 
depression in the study population? 
Previous studies of inbreeding depression in the study population used the genetic 
variables MLH and mean d2 estimated from nine microsatellite loci (Coulson et al. 
1998b; Marshall 1998; Coulson et al. 1999). In this chapter the earlier analyses were 
repeated, but based on a much larger set of 71 loci. There was only limited support 
for the earlier findings. It was notable that most of the previously reported evidence 
for inbreeding depression or heterosis in the population came from associations with 
mean d2 rather than MILH. It was argued that the component of mean d2 that 
measures ancestral information is particularly sensitive in detecting the effects of 
inbreeding depression or heterosis (Marshall 1998). However, in current analysis all 
significant associations with a trait involved MLH71 rather than mean d2 . 
In their analysis of birth weight, Coulson et al. (1998b), found a positive association 
with mean d2 . Although the current analysis did not reveal any associations with 
mean d2, there was an association with 5MLH 71 in the same direction. In both studies 
there was no interaction with sex. However, in single sex models the association 
between birth weight and sMILH7 1 was only detected in males. The observation that 
relatively outbred calves are born heavier does seem to be robust. It seems 
reasonable to conclude that birth weight, in males at least, includes a dominance 
variance component. Locus-specific and multi-locus terms between them explained 
around 7% of the variance in male birth weight (see Table 8.3). In comparison Kruuk 
et al. (in press) estimated heritability of birth weight in males to be 0.11. Thus, 
dominance variance may play almost as important a role as additive genetic variance 
in the genetic architecture of male birth weight. 
Coulson et al. (1998b) also found evidence for a positive association between 
neonatal survival and mean d2, although mean was not significant in a model that 
included birth weight. In this analysis, variation in neonatal survival was not 
explained by either birth weight or any genetic variable. The sample size in this 
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genuine effect of inbreeding on neonatal survival is relatively weak and mediated 
through birth weight. 
The most serious discrepancies between this and earlier studies concern male 
juvenile survival. Coulson etal. (1999) showed that male calves born with high mean 
d2 had reduced first winter survival. Conversely, this study shows that males with 
high sIVIILH (which is positively correlated with mean d2) have increased juvenile 
survival. Although the latter analysis was performed on survival to age two, it is 
nonetheless difficult to reconcile these two contrasting results. Both Coulson et al. 
(1999) and Marshall (1998) also showed positive associations between genetic 
variables (mean d2 and MLH respectively) and female juvenile survival. However, 
there was no evidence for associations between genetic variables and female survival 
in this study. 
Although the 71-locus genetic variables lend only partial support to the previous 
studies of inbreeding depression and heterosis in the study population, one important 
fact must be taken into consideration. The earlier analyses were conducted across the 
whole study population, whereas the 71-locus analyses were performed within the 
MAXI pedigree. In terms of the genetic variables measured across nine loci the MAXI 
animals appear representative (see 8.3.1). However, in terms of trait measures, an 
analysis in Chapter 2 showed that descendants of MAXI were born heavier, and it is 
possible that the genetic architecture of other traits differs between the MAXI 
pedigree and the overall population. For example, a number of animals in the MAXI 
pedigree were born before 1982 (when routine genetic sampling began), so there is 
probably a bias in favour of animals with increased juvenile survival. These 
considerations, and the smaller sample size of the MAXI pedigree could explain the 
different results between this and earlier analyses, and possibly one or two other 
unusual observations (e.g. no sex difference in birth weight, Table 8.2) 
8.4.2 How informative are MLII and mean d2? 
This study raises some doubt over the efficacy of mean d2 to detect inbreeding 
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correlated with d2 at any other locus. Thus a very large number of loci may be 
required to accurately reflect mean coalescence times between parental alleles. In 
contrast heterozygosity was correlated across loci, albeit weakly, suggesting that it 
may be the preferred variable for measuring the consequences of inbreeding. 
Furthermore, when 71 loci were typed, 5MILH detected associations and mean d2 did 
not, suggesting that a prohibitively large number of loci may be required in order to 
use mean d2 reliably. It is also worth noting that the correlation coefficient between 
MLH and mean d2 (r = 0.25 for 71 loci) was lower than that observed in previous 
studies (reviewed in Pemberton et al. 1999). This is in comparison to r = 0.38 for the 
original nine loci (Coulson et al. 1998b), and r = 0.30 for six loci typed in harbour 
seals, Phoca vitulina (Coltman etal. 1998). 
An additional problem with mean d2 arises when certain loci contribute 
disproportionately to the overall score. This raises the question of whether each locus 
should be scaled by its variance when the overall mean d2 statistic is being 
calculated. In their analysis of calf winter survival Coulson et al. (1999) also 
calculated a scaled mean d2 statistic, but did not find any association with survival. 
This would suggest that important information regarding the ancestry of the two 
gametes was lost by the scaling process (or alternatively, the unscaled measure 
detected Type I errors, which were corrected by the scaling process). 
Problematically, there is no obvious way in which to distinguish between conflicting 
causes of high variance in locus specific d2 measures. For example, a large variance 
could represent information about coalescence times between the two parental alleles 
or could be an artefact of either a non-stepwise mutation process or high mutation 
rate (Coulson et al. 1999). Such conflicting processes mean it is difficult to make 
hard and fast rules about whether to scale mean d2, and whether or not loci with high 
variance should be included in the calculation. 
8.4.3 How many loci are required to detect MLH-fitness associations? 
Although correlations between MILH and fitness have been reported for many 
organisms and traits, there are a number of notable exceptions for which no 
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between MLH (measured at five allozyme loci) and a number of traits in the forked 
fungus beetle (Bolitotherus cornutus), despite a sample size of over 900. 
Furthermore, it is almost certain that there is a bias in the literature, so that studies 
that fail to show any association remain unreported. A meta-analysis by Britten 
(1996) suggested that the mean correlation coefficient between IvIILH and growth 
rates was weak (mean r = 0.181, 95% C.I. = 0.158 - 0.207). Hence it is unsurprising 
that a number of studies have failed to detect associations. Some attention has been 
given to the fact that large sample sizes are required to confirm the absence of any 
association (i.e. to avoid Type II error). In contrast, the effect of the number of loci 
typed on power has been largely ignored. 
I performed a power analysis, testing the effect of both sample size and the number 
of loci typed, on the ability to detect the association between birth weight and MLH. 
A plot of the number of genotypes against power suggests that sample size and the 
number of loci are equally important in detecting the association (see Figure 8.4). 
0.7—I 
0 
0.5 — 5 
O . 4—J S 
0.3 0 
0 . 2—I S 0 
0.1 
	S 
0 	 5000 	 10000 	15000 
Number of genotypes 
Figure 8.4: Effect of the number of genotypes on power. 
Open circles represent power calculations where the number of loci typed was varied, and 
filled circles represent power calculations where the number of individuals typed was varied. 
There is no apparent advantage to typing additional loci at the expense of fewer individuals 
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The full model (see Table 8.2) suggested that MLH explained around 2.2 % of the 
variation in birth weight, which is fairly typical for other estimates of MILH-fitness 
association (Britten 1996). Although, the association was sometimes detected with a 
relatively small number of markers, power with ten or 20 loci was poor. Most M1LH-
fitness studies to date typically used between five and ten loci. Furthermore, the 
majority of previous studies have relied on allozyme markers which tend to be less 
variable than microsatellites, and possibly therefore have lower resolution to detect 
any associations. Clearly, future studies that fail to detect MLH-fitness associations 
must consider the number of loci typed before rejecting the possibility of Type II 
error. For example, although Whitlock (1993) screened 900 beetles, the total number 
of genotypes was under 5,000. Thus, the power to detect a MLH-trait association of 
similar magnitude to that presented here was only 0.25-0.30 (see Figure 8.4). The 
major determinant of power in MLH-fitness association studies is the number of 
genotypes, not sample size. 
8.4.4: What mechanisms cause MLH-fitness associations? 
At least three alternative mechanisms have been proposed to explain associations 
between MILH and fitness (Mitton 1994; Roff 1997; David 1998; Lynch and Walsh 
1998): the true overdominance hypothesis, the associative overdominance 
hypothesis, and the inbreeding depression hypothesis (sometimes referred to as the 
dominance hypothesis). 
True overdominance hypothesis: 
As the majority of MLH-fitness associations have been detected using allozyme 
markers, it is possible that these functional loci have a direct effect on fitness. If true 
overdominance is the causal mechanism then it is expected that MILE measured with 
DNA markers will be less strongly associated with fitness traits. Some support for 
this hypothesis was given by Pogson and Zouros (1994) who failed to find any 
association between RFLP heterozygosity and growth rate in a scallop (Placopecten 
magellanicus) population, even though a previous association between allozyme 
MLH and growth rate had been reported. However a number of recent studies have 
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Fevolden 1998; Coltman et al. 1999b; this study). Assuming that the microsatellite 
markers used in the present study are not functional, then true dominance cannot be 
the mechanism behind the observed results. 
Associative overdominance hypothesis: 
Under this model the apparent advantage of heterozygous individuals is attributable 
to the effects of linked loci. These linked loci may exhibit overdominance or carry 
deleterious recessive alleles. In a population with no inbreeding, associative 
overdominance should still be detectable if present. 
Inbreeding depression hypothesis: 
Heterozygosity at the typed loci reflects the overall extent of genome-wide 
heterozygosity. Thus, for a population in which there is a degree of inbreeding, 
individuals with high JVIILH should have high scores for any trait for which there is 
dominance variance. Overdominance, deleterious recessives, or directional 
dominance could all be acting on the loci underlying the trait. Unlike the associative 
overdominance hypothesis, loci influencing the trait need not be physically linked to 
the markers used to measure MILH. 
The latter two mechanisms are difficult to distinguish, particularly in structured 
populations such as the Rum red deer. However, it appears probable that both the 
associative overdominance and the inbreeding depression hypotheses could explain 
the observed association between MILH and birth weight. Associative overdominance 
appears to be acting at the two loci SPS 113 and BM2934. Heterozygotes at these loci 
were significantly heavier than homozygotes, even when MILH at all other loci was 
fitted in a GLM. Between them, the three terms (overall MILH, and heterozygosity at 
each of the 2 loci) explained about 7% of the variation in birth weight - substantially 
more than when MLH was fitted alone. In principle it may be possible to determine 
whether linked loci are overdominant or have deleterious recessive alleles. If there 
were deleterious recessives segregating at a linked locus, then animals homozygous 
for the marker allele in linkage disequilibrium with the recessive allele should be 
substantially lighter at birth. However, both markers have a large number of alleles, 
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making this analysis impossible with the current sample size. Finally, the two 
markers appear to be acting independently of each other. They are unlinked and both 
are significant when fitted together in a GLM. Additionally, heterozygosity at each 
marker is non-significantly but negatively correlated (r = -0.08, p = 0.17), providing 
further evidence that the associations are independent of each other. 
The inbreeding depression hypothesis also seems applicable to the observed MLH-
birth weight association. First, it is known that some animals in the population are 
inbred (-. 13% of calves are inbred, Marshall et al. submitted.). Second, the 
association was detected when different subsets of loci were used (in the power 
analysis), so the relationship is not attributable to specific loci (associative 
overdominance). Third, heterozygous individuals were born heavier than 
homozygotes at significantly more than half of the loci. This would suggest that the 
relationship between heterozygosity and birth weight is genome-wide. However, the 
present data are insufficient to distinguish whether partial dominance or 
overdominance is the cause of associations with MILH found in this study. 
In summary, the results presented in this chapter suggest that MLH was a useful 
indicator of dominance variance for male birth weight. However there is doubt over 
the suitability of mean d2 as a tool for detecting inbreeding depression or heterosis. In 
the next chapter MILH is used as a tool to measure dominance variance across a suite 
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9 Dominance variance for life history and 
morphometric traits 
9.1 Introduction 
If selection acts to erode additive genetic variation faster for fitness related traits than 
for morphometric traits, then a greater proportion of the remaining genetic variation 
for fitness traits should be due to dominance (Roff 1997; Merilä and Sheldon 1999). 
Recently, some evidence for the relative importance of dominance variance in fitness 
traits compared to non-fitness traits has emerged. A meta-analysis by Crnokrak and 
Roff (1995) compared life-history and morphometric traits in both domesticated and 
non-domesticated species. The amount of dominance variance was measured in two 
ways - as a proportion of the overall phenotypic variation, Dp = VD / Vp, and as a 
proportion of the additive and dominance variance, DG  = VD / (VD +VA) Using these 
measures, Crnokrak and Roff (1995) concluded that morphometric traits have less 
dominance variance than life history traits in non-domestic species. Furthermore, 
there was greater dominance variance for morphometric traits in domestic species 
than in non-domestic species. This was predicted, as morphometric traits are likely to 
have been under directional selection in domestic species, but stabilising selection in 
the wild. 
Comparisons amongst both laboratory (Lynch and Walsh 1998) and non-domestic 
(DeRose and Roff 1999) animals suggest that fitness related traits experience greater 
inbreeding depression than morphometric traits. Given that inbreeding depression 
can only occur in traits with a dominance variance component (see Chapter 8), it can 
be concluded that studies of inbreeding depression also provide evidence that 
dominance variance is important for fitness traits. 
Despite the mounting evidence that life history traits exhibit relatively high levels of 
dominance variance, there are perhaps no studies that have measured dominance 
variance across a suite of morphometric and life history traits in a wild population. 
This is probably because dominance variance is difficult to measure in the wild (see 
Chapter 8). However, in the previous chapter it was demonstrated that dominance 
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detected using multi-locus heterozygosity (MILH). A meta-analysis by Roff (1997) 
suggested that morphological traits were less likely than life history traits to show an 
association with IVIILH. However, this result was not significant as only eight 
morphometric traits were considered. Comparisons of this nature may also be 
confounded by a reporting bias in favour of significant associations. In this chapter 
MLH is used to estimate levels of dominance variance across a suite of 
morphometric and life history traits in the Rum population. 
9.2 Methods 
Standardised MLH (see Chapter 8) was used as the genetic variable to detect 
dominance variance for each trait. For two reasons the nine-loci measures were used 
rather than the 71-loci alternative. First, the sample sizes would have been 
prohibitively small for adult life history traits if the 71-loci data set was used. 
Second, it would have been an unfair comparison if the 71-loci data set was used for 
some traits and the nine-loci data set for others. Statistical power to detect 
associations would have been far greater for traits analysed with 71 loci (see Chapter 
8). Also, the only animals typed at 71 loci were members of the MAXI pedigree. If the 
MAXI pedigree and the overall study population have different trait measures or 
genetic architectures (see Chapter 2; Chapter 8) then predictions about the relative 
amount of dominance variance across traits would have been harder to make. 
As with earlier chapters generalized linear models (GLMs) were used to test for 
sMLH-trait associations. A summary of each response variable tested is given in 
Table 9. 1, and a description of every response and predictor variable is given in 
Appendix A. Deletion testing was used in the model construction, and terms were 
retained if significant at p < 0.05. Main effects and first order interactions were 
tested. Categorical variables were not tested if any cell sizes were less than thirty. 
Separate sex models were constructed as environmental factors and selection 
pressures influence the various traits differently between the sexes (Kruuk et al. in 
press). Additionally some life history traits are only applicable to one sex (e.g. 




DOMINANCE VARIANCE ACROSS TRAITS 
morphometric traits, and so the power to detect sMILH associations was higher for 
morphometric traits. 
Table 9.1: Response variables for which associations with 5M1LH were tested. 
Note that sample sizes are generally larger for morphometric traits than life history traits 
Morphometric traits Sample Error structure 
size 
Females 
Birth weight 391 Normal 
Hind leg length 112 Normal 
Jaw length 154 Normal 
Males 
Birth weight 	 404 	Normal 
Hind leg length 	 112 	Normal 
Jaw length 	 173 	Normal 
Life history traits 
Females 
Juvenile survival 347 Binomial 
Longevity 105 Normal 
Female fecundity 99 Normal 
Female lifetime breeding success 99 Normal 
Males 
Juvenile Survival 	 348 	Binomial 
Longevity 	 91 	Normal 
Male lifetime breeding success 	87 	Negative binomial 
9.3 Results 
9.3.1 Morphometric traits 
Birth weight: 
5MILH was not associated with female birth weight. In males 5MILH did not explain 
significant variation in birth weight when fitted as a main term (p = 0.07), but was 
significant when fitted as an interaction term with subdivision of study area (p < 
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Table 9.2 GLM for male birth weight. 
Null model deviance =617.6, full model deviance = 489.9. Deviance explained = 20.8 %. 
fl = 404. 5MLH is not significantly associated with birth weight as a main term, but does 
appear as an interaction term with subdivision of study area. Between them the two terms 
explain 3.4 % of the trait variance. 
Term d.f F p Deviance 
explained 
Mother's reproductive status 4,387 9.70 <0.0001 49.2(8.0%) 
Subdivision of study area 4,391 7.45 <0.0001 38.7(6.3%) 
SMLH* Area 4,387 3.24 0.012 16.5(2.7%) 
Mean April-May temperature 1,387 11.98 <0.0001 15.2(2.5%) 
Mother's age 1,387 5.91 0.015 7.5(1.2%) 
Birth Date 1,387 3.88 0.050 4.92(0.8%) 
sMLH 1,391 3.23 0.07 4.19(0.7%) 
Jaw length: 
In both males and females jaw length was positively associated with age at death and 
birth weight. Both predictor variables remained significant, whether fitted in models 
that included animals of all ages, or adults only (models not shown). However, 
sMLH did not explain significant variation in jaw length for either sex. 
Hind leg length: 
As with jaw length, age at death and birth weight explained significant variation in 
hind leg length of both sexes. sMLH was not significant in any model tested (not 
shown). 
9.3.2 Life history traits 
Juvenile survival 
Variables associated with juvenile survival (to two years old) were tested in a logistic 
regression model assuming a binomial error structure. When fitted as a single 
predictor variable sNILH explained significant variation in female survival (n = 347, 
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5M1LH had a greater probability of survival. In a more detailed model (Table 9.3) 
5MILH remained as a significant explanatory variable for female juvenile survival. 
Table 9.3 GLM for female juvenile survival 
Null model deviance = 461.0, full model deviance = 385.0, deviance explained = 16.5%. 
fl = 347. sMLH explained 1% of the overall deviance. The deviance explained by each term 
is the percentage of the null model deviance. 
Term d.f. Y, 
2 p Deviance 
explained 
Density 1 31.76 <0.0001 6.9% 
Birth weight 1 16.60 <0.001 3.6% 
Mean April-May temperature 1 12.14 <0.001 2.6% 
Birth Date 1 9.20 <0.005 2.0% 
sMLH 1 4.62 0.03 1.0% 
5MLH was not a significant explanatory variable (p = 0.46) in a more detailed model 
(not shown) for male juvenile survival. Note however, that 5M1LH71 was positively 
associated with male juvenile survival in the analysis presented in Chapter 8. 
Female longevity: 
An earlier analysis found that spring temperature in the year of birth explained 
variation in female longevity (Kruuk et al. 1999b). Here the effects of sMILH, spring 
temperature and density on longevity were tested using GLMs with normal error 
structures. Only females born before 1985 were considered, as many later born 
females are still alive. Females that were shot were not included. In the full model 
(not shown) density (p < 0.01) but not spring temperature (p = 0.06) or sMILH (p = 
0.35) explained significant variation in longevity. It was not clear whether the 
density in the year of birth per se explained variation in longevity, or whether density 
in the year of birth was reflecting the average population density over an individual's 
entire life time. During the 1970s the population was steadily increasing (see Chapter 
2), and consequently an individual born in a low density year would spend most of 
its life at low density. - 
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Female fecundity: 
Fecundity (the proportion of years in which a female produced a calf, once she had 
survived to three years old) was modelled using a normal error structure. When fitted 
alone in a simple linear regression sMILH (n = 99, p = 0.12) failed to explain 
significant variation in fecundity. In a more complex GLM the only term that 
explained significant variation in fecundity was spring temperature in the year of 
birth (full model not shown). Non-significant terms were birth weight, density and 
birth date. 
Female lifetime breeding success: 
Female LBS showed a similar pattern to fecundity. It was also modelled assuming a 
normal error structure. When fitted alone 5MLH (n = 99, p = 0.13) did not explain 
significant variation in female LBS. In the fill model (not shown) spring temperature 
and density in the year of birth were both significant terms. Birth weight did not 
influence female LBS. The same significant non-genetic explanatory variables were 
identified in an earlier analysis by Kruuk et al. (1999b). 
Male longevity: 
Longevity is strongly correlated with overall LBS in males (r = 0.614; Kruuk et al., 
in press). The effects on male longevity of 5MILH, birth weight, density and spring 
temperature in the year of birth were examined. Animals were only included in the 
analysis if they were born prior to 1987 (so that no animals were still living), had 
survived to at least age 2, and were not shot. There was no evidence that birth 
weight, density or spring temperature in the year of birth explained significant 
variation in longevity. When fitted as a single explanatory variable in a linear 
regression 5MLH did explain variation in longevity (n = 91, p = 0.021, variance 
explained = 5.8%). However, a plot of 5MILH and longevity suggested that the 
relationship may be attributable to a few animals that died at an early age and had a 
low sMILH (see Figure 9.1). If the data set was restricted to animals that survived to 
breeding age (five years old), the relationship was no longer significant (n = 87, p = 
0.064). 
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Figure 9.1: The relationship between sMLH9 and male longevity 
All animals were born prior to 1987, survived to at least two years old, and were not shot. 
sMLH9 explains 5.8% of the variance in longevity and the regression slope is significant (P = 
0.021). n=91. 
Although the relationship between sMILH and longevity is statistically significant, it 
does appear to be largely dependent on a few data points. It is unclear whether 5MLH 
really does explain variation in male longevity. 
Male lifetime breeding success: 
Previous analyses have suggested that male LBS is influenced by birth weight 
(Kruuk etal. 1999b) and 5MILH (Marshall 1998). However no model has tested both 
terms together. It is unclear whether the putative association between sMLH and 
LBS is independent of the effect of 5MLH on birth weight. Furthermore, in an earlier 
analysis of 5MILH and LBS, Marshall (1998) only included adult stags that were born 
between 1982 and 1986, giving a sample size of 28. 
Male LBS is highly skewed, and so following the approach of Kruuk et al. (1999b), 
models were constructed using a negative binomial error structure. Like Kruuk et al. 
(1999), I used behaviourally assigned paternities to estimate individual lifetime 
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observed to be in oestrus while in his harem, or if she was in his harem for longer 
than that of any other male. In the event of a tie between two males, paternity was 
assigned at random to one male. Although this method is less accurate than using 
genetic data, it allows LBS to be estimated for a greater number of males, and is 
highly correlated with genetically determined LBS (r = 0.86, Marshall 1998). 
In a data set (n = 44) that included males who were typed for at least six loci and 
were weighed at birth, 5MILH explained significant variation in LBS (x2 = 4.22, p = 
0.04), but birth weight did not (x2 = 0.70, p = 0.40). A model was also constructed in 
which birth weight was fitted first, to see if sMLH remained a significant explanatory 
variable. In this model neither birth weight (x2 = 1. 94, p = 0.16) nor 5MILH (x2 = 
3.06, p = 0.08) were significant. However the fact that sM1LH approached 
significance for this small sample, even after fitting birth weight, suggested that the 
association with LBS was genuine. A model was also constructed using males that 
were typed at 6 or more loci, but were not necessarily weighed at birth. In this model 
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Figure 9.2: The relationship between sMLH9 and male LBS. 
MLH explains 5.8% of the variation in male LBS and is significant at p < 0.05 when tested in 
a GLM with a negative binomial error structure. n = 88 
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9.4 Discussion 
The principal aim of this chapter was to test the hypothesis that life history traits 
were more likely to show an association with MLH than morphometric traits (Roff 
1997). This prediction can be extended between sex comparisons within specific 
traits. For example leg length and birth weight are both associated with male LRS 
(Rose 1995; Kruuk et al. 1999b), and these traits are less heritable in males than 
females (Kruuk et al. in press). Thus, it was predicted that 5MILH would be 
associated with birth weight and leg length in males only. Associations between 
5MILH and jaw length were not expected for either sex. This is the first study to 
investigate associations between sMILH and a suite of traits for which heritability and 
the correlation with total fitness are known. A summary of each trait's heritability, 
correlation with total fitness, and whether it was associated with 5MLH is given in 
Table 9.4. 
Three of the four traits that showed an association with sMILH were life history traits, 
and the other (male birth weight) was a morphometric trait. Although it is difficult to 
reach any firm conclusions regarding the relative importance of dominance variance 
on the different types of trait, this study does provide tentative evidence that traits 
closely related to fitness are the most likely to be associated with sMLH. The mean 
heritability of the traits associated with sMILH was lower than that of the remaining 
traits (sMILH associated traits: mean h 2 = 0.05, SE = 0.03, n = 4; other traits: mean h 2 
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Table 9.4: Summary of sMLH - trait associations. 
The heritability and correlation with total fitness of each trait was estimated by Kruuk et al. (in 
press). 









Birth weight 0.250 (0.071) 0.16 No - 
Leg length 0.372 (0.168) 0.21 No - 
Jaw length 0.524 (0.218) 0.02 No - 
MALES 
Birth weight 0.112 (0.067) 0.18 Yes 3.4% 
Leg length 0.072 (0.144) 0.43 No - 
Jaw length 0.601 (0.117) 0.03 No - 
Life history traits 
FEMALES 
Juvenile survival 0 * - Yes 1.0%  
Longevity 0.000 (0.001) 0.95 No - 
Fecundity 0.461 (0.150) 0.23 No - 
LBS 0.000 (0.056) 1.00 No - 
MALES 
Juvenile survival 0* - No - 
Longevity 0.000 (0.001) 0.61 Yes 5.8 % 
LBS 0.084 (0.076) 1.00 Yes 5.6% 
* Heritability for these traits was not estimated in the study by Kruuk et al. (in press), but 
estimated as 0 in the MAXI pedigree (see Chapter 7). 
The measure of total fitness used by Kruuk et al. (in press) was LBS, the number of offspring 
an individual produced in its lifetime. 
There was a number of traits closely related to total fitness for which no association 
with sIVILH was found (e.g. female longevity, female lifetime breeding success). 
Several explanations can be given for this lack of association. The sample sizes 
available were generally larger for morphometric traits than life history traits. Thus, 
the power to detect associations was lower for life history traits. In particular, sample 




DOMINANCE VARIANCE ACROSS TRAITS 
analysis presented in Chapter 8 suggested that the probability of detecting an 
association of similar magnitude to that observed between sMILH71 and birth weight 
was approximately 0. 10 (see Figure 8.4) with 900 genotypes. It was also notable that 
the life history traits for which associations with sMLH were not found tended to 
have a high residual variance (Kruuk et al. in press). It is probable that 
environmental variation contributes largely to the residual variance. Thus, the traits 
in which it was particularly important to control for environmental effects were the 
ones with the smallest sample sizes, and so categorical variables such as subdivision 
of study area could not be fitted. The fact that any associations were found between 
sMILH and life history traits suggests that the amount of variance explained by 5MILH 
is relatively high, and that dominance variance plays an important role in the genetic 
architecture of these traits. 
It is striking that most of the significant associations with 5JVILH were observed in 
males. In addition to the sMILH-trait associations presented here, it was also shown 
previously (see Chapter 8) that 51V11LH71 was associated with male juvenile survival. 
Relatively little is known about the genetic architecture of sexually-selected traits 
(Merila and Sheldon 1999), and some of the available data are controversial. For 
example Pomiankowski and Moller (1995) conducted a meta-analysis that suggested 
sexually selected traits were more heritable than equivalent non-sexually selected 
traits. However, a number of these estimates may be confounded by environmental 
correlations between relatives (Griffith et al. 1999). Additionally the possibility of a 
reporting bias in the literature towards the more heritable sexually selected traits 
cannot be discounted (Alatalo et al. 1997). Intuitively, one would expect sexually 
selected traits to have relatively low heritabilities, as directional selection will fix 
favourable alleles. In this population there is much greater variance in LRS in males 
than females (Kruuk et al. in press) and so directional selection should be strongest 
in male traits related to overall fitness. The fact that the majority of associations with 
sMLH were in males suggests that dominance variance plays an important role in the 
genetic architecture of sexually selected traits in the study population. 
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CHAPTER 10 	 CONCLUSIONS 
10 Conclusions and future work 
The major aim of this thesis was to map QTL for birth weight in a wild population of 
red deer. This is the first study to attempt a QTL mapping exercise in an 
unmanipulated wild population, and as such, highlights a number of problems likely 
to be encountered in similar endeavours. Biologists planning to map QTL in wild 
populations must first address the question, "Do I have sufficient power to detect 
QTL, given the sample sizes and data available?" The power analysis presented in 
Chapter 3 would suggest that the more conventional experimental designs, for 
example using half or full sibships, lack sufficient statistical power in most 
unmanipulated populations. Even with large paternal half-sibships generated by 
successful red deer males, power was low. In this study, two developments helped to 
circumvent this problem. The first was the observation that power was greater for an 
extended multi-generational pedigree than for its composite sibships. The second was 
the use of variance components methods to detect QTL. 
Deriving pedigrees from natural populations is not trivial. However populations for 
which detailed life history data are available are generally those that have been 
studied over a substantial number of years, and therefore most likely to have the best-
documented pedigrees. Species with short generation times and a relatively large 
number of offspring per breeding adult will offer the greatest power in mapping 
experiments. Provided maternal and environmental effects are accounted for, many 
of the long term bird studies are well suited to QTL mapping - for example the 
flycatchers on Gotland (described in Chapter 1; Gustafsson 1986) 
Variance components methods offer a real breakthrough for QTL mapping in the 
wild. These approaches can be used in pedigrees of great complexity, and can allow 
for unknown parents or unsampled individuals. They offer the additional advantage 
that more traditional quantitative genetic parameters can be estimated 
simultaneously. This is one of the first studies to use variance components QTL 
mapping in a non-human population. The biologist wishing to map QTL in a wild 





associated with human disease mapping, than if they follow a design used in a 
laboratory or domestic organism closely related to their own study species. 
Does this study provide evidence for genes of major effect segregating in a 
directionally selected trait? Three regions were identified in the QTL analysis, each 
of which may represent a QTL. Each region was estimated to explain around 25% of 
the variance in birth weight. If all three QTL were real and of this magnitude they 
would explain 75% of the variation in birth weight, which is obviously impossible 
given heritability was only 0.18. If any of these regions represent true QTL, then 
their magnitude has been overestimated, a problem common to most QTL studies 
(see Chapter 1). Determining whether the QTL are 'real' is certainly possible in the 
study population, as there are over one thousand archived samples of deer with 
recorded birth weight. A failure to detect QTL in such large samples would establish 
that these regions did not include major genes. Of particular interest is the putative 
QTL on linkage group 23, where a birth weight QTL was also identified in a hybrid 
deer pedigree in New Zealand. The notion that QTL are conserved across breeds and 
species is of particular relevance to animal breeding, where huge investments of time 
and money into QTL mapping are under way. Conversely, the discovery of candidate 
genes in related domestic species will help evolutionary biologists to detect QTL in 
wild populations. 
Recently, methods have been described in which molecular markers are used to 
estimate relatedness between randomly sampled individuals in wild populations 
(Ritland 1996; Lynch and Ritland 1999). Thus quantitative genetic parameters can be 
estimated without any field data on familial relationships. Using the MAXI pedigree, 
it should be possible to assess the accuracy of these exciting, yet relatively untested 
methodologies. Not only is the MAXI pedigree typed for 84 loci, it is known to be 
correct (Chapter 5), and life history data are comprehensive. It would be interesting 
to compare estimates of relatedness and heritability derived from marker-based 
approaches with estimates derived from more traditional techniques. If the marker-
based methods are shown to be accurate, it may even be possible to extend the 





large panel of markers, and then a linkage analysis performed using a variance 
components method similar to the one described in Chapter 7. 
This thesis has highlighted the potential importance of dominance variance in fitness-
related traits. Chapter 9 provided some evidence that dominance variance is greater 
in life history traits than morphometric traits. However, the power to detect 
dominance variance in adult life history traits was severely compromised by a lack of 
available individuals. This problem could be partly addressed by typing the relevant 
individuals for extra markers, so that multi-locus heterozygosity was more accurately 
estimated. However, in the long term the preferred method for estimating dominance 
variance might be to use variance components methods in the overall Rum pedigree. 
As an increasing number of wild populations are screened for large panels of 
markers, documented large pedigrees will become more commonplace. Biologists 
will be able to measure additive and non-additive genetic variation with greater 
resolution. It will at last be possible to use data from wild populations to test basic 
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ECOLOGICAL AND ENVIRONMENTAL TERMS 
Appendix A: ecological and environmental terms used in this 
thesis 
Listed below are response and explanatory variables modelled or discussed in this 
thesis. Terms are distributed either as continuous variables or as categorical factors, 
as stated. 
Response Variables (usually fitness components or fitness related traits): 
Birth weight: continuous. Estimated by regressing the weight at capture (measured in 
kg) on the age at capture (estimated number of hours old) provided calf was 
weighed at 14 days or younger. It was assumed that a calf gained 0.0148 kg h', 
as measured by Guinness etal. (1978). 
Fecundity: continuous. The proportion of years during her breeding lifespan that a 
female produces a calf. Only females aged 6 or greater are included so that at 
least 3 breeding attempts are incorporated. 
First winter survival: factor. Whether or not a calf survived from October 1 in its 
year of birth to May 1 the following year. 
Jaw length: continuous. Jaws are removed after death. Length in mm of the dried and 
measured the bone from the outer point of the fourth incisor socket to the 
posterior edge (See Kruuk et al., in press) 
Juvenile survival: factor. Calf survival from birth until May 1st  of its second year. 
Note that some earlier studies analysed juvenile survival to one year (e.g. 
Coulson et al. 1999). Where appropriate this distinction is made in the main 
text. 
Leg length: continuous. Hind legs are removed after death. The length in mm of the 




ECOLOGICAL AND ENVIRONMENTAL TERMS 
Lifetime breeding success (LBS): continuous. The total number of offspring born to 
a hind or sired by a stag. Calves remain with their mother for at least a year and 
so maternity is awarded using behavioural data. Genetic data has confirmed 
this method is always correct (Marshall, 1998). Paternity is awarded by one of 
the following methods: 
Assigned with at least 80% statistical confidence using microsatellite markers and 
the computer program CERVUS (see Chapter 2). 
Multilocus minisatellite DNA fingerprinting (see Chapter 2; Pemberton et al., 
1992). 
The observation that a hind is in oestrus while in the male's harem (see Chapter 
2; Kruuk et al., in press). 
The male held the hind in his harem for at least 6 days during the 11-day window 
(see Chapter 2; Kruuk et al., in press). 
Lifetime reproductive success (LRS): continuous. The total number of offspring born 
to a male or female that survived to 2 years old. See lifetime breeding success 
for guide to maternity / paternity assignment. In other words a generation is 
counted as being from adults aged two to their offspring surviving to age two 
(see Kruuk etal. 1999b) 
Longevity: continuous. The age at which an individual died. Adult longevity only 
includes animals that survived to at least age 3. 
Maximum annual breeding success (ABS): continuous. The number of offspring 
sired in a stag's most successful year. See lifetime breeding success (LBS) for 
criteria used to infer paternity. 
Neonatal survival: factor. Whether or not a calf survived from birth until October 1st 
in the year of birth. 
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Environmental explanatory variables: 
Density: continuous. The number of females over one year old using the study area. 
This measure is highly correlated with measures that include males and calves. 
Density is estimated from the regular censuses (five per month) undertaken in 
the study area. An animal is considered resident in the study area if seen in at 
least 10% of censuses in at least four months per year (Clutton-Brock el al. 
1982) 
Local population density: continuous. A measure of the mean spatial proximity of 
other individuals to a focal individual, developed by Coulson et al. (1997). Not 
used in this thesis but referred to in Chapter 2. 
Rainfall: continuous. Precipitation (in mm) for each month. Models were fitted using 
each month individually or sums of 2,3,4 etc consecutive month periods. 
Subdivision of study area: factor. That part of the study area in which an animal was 
usually resident. The five areas (Shamhnan Inshir, Lower Kilmory Glen, Upper 
Kilmory Glen, Intermediate Area and Laundry Greens) are shown in Figure 
2.2. 
Temperature: continuous. Mean (in °C) for each month. Models were fitted 
containing each month individually or means of 2,3,4 etc month periods. 
Phenotypic explanatory variables: 
Birth date: continuous. The number of days after May 0 that a calf was born. 





ECOLOGICAL AND ENVIRONMENTAL TERMS 
Mother's reproductive status: factor. 
Naive - never previously bred. 
True yeld - did not breed in previous year. 
Summer yeld - bred in previous year, but calf died before October I t . 
Winter yeld - as above, but calf died in winter. 
Milk - calf successfully reared the previous year. 
Genetic explanatory variables 
Maxi descendant: factor. Whether or not an animal's ancestry can be traced back to 
MAXI. Paternal links are inferred by either DNA fingerprinting (see Pemberton 
et al., 1992) or likelihood based analysis (CERVUS) using microsatellite 
markers (see Marshall, 1998). 
Sex: Factor. Female or male. 
Multilocus heterozygosity (MILH): Continuous. The proportion of typed loci 
(microsatellite and allozyme) for which an individual is heterozygous. 
Standardised multilocus heterozygosity: Continuous. The ratio of the heterozygosity 
of an individual to the mean heterozygosity at those loci at which an individual 
is typed. This measure avoids any potential bias due to individuals being typed 
at different loci (see Coltman et al., 1999b). 
Mean d2 : Continuous. A recently derived measure calculated from microsatellite 
data. The squared difference in repeat units between the two alleles at a locus, 
averaged over all loci at which at individual is scored (see Coulson et al. 1998; 
Pemberton et al. 1999). 
Mean d 2 = 	
( i,ib)2 
where 'a  and 'b  are the length in repeat units of alleles a and b at locus i 
and n is the number of typed loci. 
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Appendix B: laboratory methods 
DNA extraction 
DNA was extracted from skin (usually an ear punch) or white blood cells using 
standard proteinase K digestion, phenollchloroform extraction and ethanol 
precipitation (see Sambrook etal. 1989) 
A 2mm x  2mm piece of skin (or less than 0.1 ml volume of white blood) was 
transferred to a 1.5 ml eppendorf tube containing 0.55 ml of digestion solution and 
proteinase K. Following dicing with a scalpel blade, the sample was transferred to a 
65°C water bath for 10-15 mins and then a 37°C water bath overnight. The next day 
0.55m1 of phenol was added, the tube was mixed vigorously, and then centrifuged at 
13,000 rpm for 12 seconds. Then 0.5 ml of the aqueous phase was transferred to 
another 1.5m1 eppendorf, to which 0.5m1 of chloroform was added. Again the tube 
was mixed and spun at 13,000 rpm for 12 seconds. 0.45 ml of the aqueous phase was 
transferred to a new eppendorf tube, and 0.15 ml of 10M LiC1 was added. After 
gentle mixing, the tube was moved to a -20°C freezer for 20 minutes. Subsequently 
the tube was removed from the freezer and spun at 13,000 rpm for five minutes. Next 
0.5m1 of the supernatant was transferred to another new eppendorf tube, and 1.0 ml 
of 100% EtOH was added to precipitate the DNA. If no DNA was visible at this 
stage the sample was returned to the freezer for an hour. Next the tube was spun for 
five minutes, the EtOH was removed and lml of 70% EtOH was added to the 
remaining pellet. After standing for 20 minutes at room temperature the sample was 
again spun at 13,000 rpm for five minutes, the 70% EtOH was removed and the 
DNA pellet dried using a vacuum drier. Once dried 0.25 - lml of TE buffer was 
added to dissolve the pellet, and the DNA sample was stored at -20°C. 
DNA concentration was determined by running 5 p.1 of sample in a 0.8% agarose gel 
in TBE buffer at 1 OOV for one hour. Ficoll / bromophenol blue was used as a loading 
buffer, and bands were visualised by staining with ethidium bromide (Sambrook et 







Both the rvIAxI pedigree (4 plates) and the International Mapping Herd (1 plate) were 
stored in Beckman 96 deep well storage plates. Initially the plates were covered in 
parafilm and stored at 4°C, but evaporation proved to be a problem, and so plates 
were subsequently stored at -20°C. Approximately 50 .tg of genomic DNA was used 
as template DNA in a 10 1.il reaction mix containing 0.1 mM dATP, dGTP and dTTP; 
0.01 mM dCTP, 2pmol each primer, lx 'PARR' buffer containing 1.5mM MgC1 2 
(Cambio); 0.25 U Taq polymerase (Advanced Biotechnologies) and <1 p.Ci [(X-32P] 
dCTP. Microsatellite amplification was optimised (see Appendix C for optimised 
conditions) by adjusting the concentration of MgCl2  (total MgCl2 1.5 —3.0 mlvi) and 
by the addition of DMSO (0-10%) and/or TMACIDE (60 mM 
tetramethyl ammonium chloride / 2.5% formamide), see Gemmell (1997)). 
Reactions were overlaid with 1 drop of mineral oil and amplified in a Hybaid 
Omnigene Temperature Cycler. PCR was performed as follows: 
2 minute denaturation step at 94 °C 
7x 	30 s at 94 °C denaturation 
1 minute at 50 °C annealing 
30 s at 72 °C extension 
30x 	30 s at 94 °C denaturation 
1 minute at 52 °C annealing 
30 s at 72 °C extension. 
After PCR was completed 541 of loading buffer (95% formamide, 20mM EDTA, 
0.05% bromophenol blue, 0.05% xylene cyanol) was added to the product 
(SchlOtterer 1998). 2.tl of the product/dye mixture was loaded on standard 6% 
polyacrylamide sequencing gels using a multichannel pipette and 96-well shark's 
tooth combs, and electrophoresed for approximately two hours. Some loci were 





gel was dried under a vacuum drier and exposed to X-ray film for between 1 hour 
and I week. A "S-labelled M13 sequencing reaction was also loaded on each gel as 
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Figure Bi: Autoradiogram of locus TGLAI27. The gel was double-loaded with plates 2 
and 4 of the MAXI pedigree. Animal IDs and genotypes are marked on the autorad prior to 




Details of the conservation of bovine microsatellite primers donated by 
Dr John Williams (Roslin Institute). 
See Chapter 4 for details. Unless indicated otherwise a MgCl2 concentration of 2.5 mM was used. 
- denotes that no product was observed in the test species. 









BM3205 1 204-221 3 1 1 Bishop etal. 1994 
TGLA130 1 126-201 - 3 1 10% +TMAC 2.0mM Georges and Massey 1992 
TGLA415 1 106-126 1 1 1 Georges and Massey 1992 
TGLA213 1 500 - - - Georges and Massey 1992 
TGLA49 1 120 - - - Georges and Massey 1992 
TGLA135 1 110 1 - - Georges and Massey 1992 
TGLA57 1 80-104 - 1 1 Georges and Massey 1992 
INRA128 1 182 3 2 4 Vaiman etal. 1994c 
CSSM42 2 165-222 - 1 1 Moore etal. 1994 
IDVGA37 2 210 2 7 3 2.0mM Mezzelani etal. 1995 
BM4440 2 121-147 1 4 2 Bishop etal. 1994 
IDVGA2 2 140 1 - - Mezzelani etal. 1995 
INRA40 (1) 2 Not tested 3 Not tested 5% 2.0mM Additional locus amplified in red deer 
INRA40 (2) 2 205-230 1 8 5 5% 2.0mM Vaiman etal. 1994c 
TGLA431 2 134-163 - 7 3 3.0mM Georges and Massey 1992 
TGLA226 2 145-151 - 6 2 10% 2.0mM Barendse etal. 1994 
INRA23 3 197-223 3 1 1 Vaiman etal. 1994a 
INRA6 3 105 3 2 1 2.0mM Vaiman etal. 1992 
HUJ1177 3 210 - 7 - 2.0mM Shalom etal. 1994 
IDVGA35 3 230 1 - - 10% + TMAC 2.0mM Mezzelani etal. 1995 
TGLA127 3 170 - 9 2 5% 2.0mM Georges and Massey 1992 









IDVGA27 3 136-140 1 2 1 Mezzelani etal. 1995 
TGLA263 3 100-136 7 - - Georges and Massey 1992 
IOBT250 3 105-117 1 1 1 Barendse etal. 1997 
RM188 4 124-150 1 	- 6 1 10% + TMAC 2.0mM Barendse etal. 1994 
INRA37 4 130 1 1 1 5% 2.0mM Vaiman etal. 1994c 
HEL25 4 139-149 - - - Barendse etal. 1997 
MGTG4B 4 134-164 2 6 1 5% 2.0mM Barendse eta! 1997 
AGLA293 5 196-260 2 3 1 2.0mM Georges and Massey 1992 
BM6026 5 148-168 1 2 1 Bishop etal. 1994 
ETH1 52 5 196-204 1 1 1 Steffen et at 1993 
BM1819 5 114-128 1 1 1 Bishop etal. 1994 
BM315 5 107-163 1 - - Bishop etal. 1994 
BM2830 5 149-203 1 1 1 Bishop etal. 1994 
IDVGA9 5 200 1 1 1 Mezzelani etal. 1995 
ETH10 5 210-226 1 1 1 Solinas-Toldo etal. 1993 
BM2320 6 128-152 - 6 2 Bishop etal. 1994 
BM4528 6 238-276 - 1 1 Bishop et at 1994 
ILSTS90 6 150-190 - - - Kemp etal. 1995 
BM1329 6 145-161 1 6 1 10% +TMAC 2.5mM Bishop etal. 1994 
ILSTS93 6 160 3 5 2 10% + TMAC 3.0mM Kemp etal. 1995 
ILSTS97 6 225 -. 1 1 1 Kemp etal. 1995 
RM28 6 96-110 1 1 1 Barendse etal. 1994 
AFR227 6 113 4 6 1 10% + TMAC 1.5mM Jorgenson etal. 1995 
BM741 7 172-184 1 1 1 Bishop etal. 1994 
ILSTS6 7 283-295 - 9 2 10% + TMAC 3.0mM Brezinsky etal. 1993 
BP41 7 312-326 - - - Bishop etal. 1994 
INRA53 7 100 1 - - Vaiman etal. 1994c 
tn 
CSSM29 7 230 1 2 	5 
RM12 7 107-111 1 8 1 
IDVGA11 8 230 1 1 	1 
HEL9 8 143-165 1 1 1 
BM4006 8 97-119 1 3 	1 
CSSM47 8 141-171 2 1 1 
TGLA10 8 150 3 6 	3 
UWCA47 8 3 1 1 
CSSM37 8 172 2 1 	1 
TGLAI3 8 183-209 5 - 	 1 
CSSM56 9 230-240 1 - - 
UWCA9 9 100 1 - 	 - 
BM757 9 182-220 3 7 2 
BM2504 9 130-146 3 1 	1 
TGLA73 9 110-128 3 1 1 
SPS113 10 133-165 1 8 	2 
CSSM38 10 180 - - - 
BM888 10 173-183 1 11 	1 
CSSM39 10 195-208 1 5 2 
JAB10 10 276?-288 1 1 	2 
TGLA378 10 100-120 6 6 4 
INRA107 10 166 2 10 	2 
CSSM46 10 152 - - - 
HEL13 11 177-197 1 - 	 - 
IDVGA3 11 150 - 4 1 
BM716 11 114-155 2 1 	2 
INRA131 11 125 3 3 1 
10% + TMAC 3.0mM Moore et al. 1994 
10% + TMAC 2.0mM Barendse etal. 1994 
Mezzelani etal. 1995 
Kaukinen and Varvio 1993 
10% + TMAC 2.0mM Bishop et al. 1994 
Moore etal. 1994 
10% + TMAC 3.0mM Georges and Massey 1992 
Barendse etal. 1997 
Moore etal. 1994 
Georges and Massey 1992 
Moore etal. 1994 
Sun etal. 1994 
10% + TMAC 2.0mM Bishop et al. 1994 
Bishop etal. 1994 
Georges and Massey 1992 
10% + TMAC 3.0mM 
Moore etal. 1994 
10% + TMAC 3.0mM Bishop etal. 1994 
10% + TMAC 3.0mM Moore etal. 1994 
Williams et al. 1996 
10% +TMAC 3.0mM Georges and Massey 1992 
10% + TMAC 3.0mM Vaiman etal. 1994a 
Moore etal. 1994 
Kaukinen and Varvio 1993 
2.0mM Mezzelani etal. 1995 
Bishop et al. 1994 
2.5mM Vaiman etal. 1994c 
Marker 	 Cow 	Size in 	Soay 	Red alleles 	Sika 	DMSO 	Mg 	 Reference 
chromosome cow alleles alleles conc 
Marker 	 Cow 	Size in 	Soay 	Red alleles 	Sika 	DMSO 	Mg 	 Reference 
chromosome cow alleles alleles conc 
JAB7 11 360 2 1 1 
INRA169 11 1 5 1 
BM6108 12 116-144 2 1 1 
TGLA36 12 77-107 - 1 1 
RM178 12 - 3 1 
BM6404 12 127-149 3 1 1 
INRA5 12 119-123 5 1 1 
INRA209 12 140-150 1 2 1 
RM162 12 121-139 1 - - 
DIK16 12 2 1 1 
HUJ616 13 140 4 1 1 
JAB3 13 226-230 1 - - 
BM1222 13 272-303 - 5 1 
ETH7 13 270 1 - - 
TGLA23 13 92-116 2 - - 
L6003 13 1 - - 
TGLA131 13 150 Not tested Not tested Not tested 
ABS10 13 1 5 1 
CSSM36 14 163-185 1 1 1 
BM4513 14 141-161 1 12 3 
BM4630 14 151-165 3 - - 
BM6425 14 172-192 1 1 1 
INRA94 14 157 1 - - 
BM2934 14 81-103 1 6 4 
BR3510 15 90-114 3 5 1 
JAB8 15 220 3 5 1 
JAB1 15 224-234 2 1 1 
2.5mM Williams etal. 1996 
2.5mM Vaiman etal. 1994b 
Bishop et al. 1994 
Georges and Massey 1992 
10% + TMAC 3.0mM Barendse etal. 1994 
Bishop etal. 1994 
10% + TMAC 3.0mM Vaiman etal. 1992 
Bahri-Darwich etal. 1994 
Kossarek et al. 1996 
Inoue etal. 1995 
10% + TMAC 2.0mM Shalom etal. 1993 
Williams et al. 1996 
10% + TMAC 3.0mM Bishop et al. 1994 
Solinas-Toldo et al. 1993 
Georges and Massey 1992 
Georges and Massey 1992 
Pfister-Genskow et al. 1995 
Moore et al. 1994 
10% + TMAC 2.0mM Bishop et al. 1994 
Bishop et al. 1994 
Bishop et al. 1994 
Vaiman etal. 1994c 
10% + TMAC 3.0mM Bishop etal. 1994 
10% + TMAC 3.0mM Bishop etal. 1994 
10% + TMAC 3.0mM Williams etal. 1995 
10% + TMAC 3.0mM Williams etal. 1995 
Marker 	 Cow 	Size in 	Soay 	Red alleles 	Sika 	DMSO 	Mg 	 Reference 
chromosome cow alleles alleles conc 
JAB4 15 187-193 1 1 1 2.5mM Williams etal. 1995 
IDVGA10 15 190 3 1 1 Mezzelani etal. 1995 
FSHB 15 200 2 6 2 10% + TMAC 3.0mM Moore etal. 1992 
SPS115 15 3 3 2 2.0mM 
BM6430 16 105-164 - - - Bishop etal. 1994 
BM1706 16 233-259 - 5 1 2.5mM Bishop etal. 1994 
BR6504 16 125-145 - 1 1 Bishop etaL 1994 
ETH11 16 214 - 1 1 Solinas-Toldo etal. 1993 
BM719 16 147-155 3 - - Bishop etal. 1994 
BM1862 17 191-224 2 - - Bishop etal. 1994 
OarVH98 17 133-161 3 6 2 10% + TMAC 3.0mM Hanrahan et al. 1993 
CSSM33 17 179 1 2 1 2.0mM Moore etal. 1994 
INRA25 17 220 - 1 1 Vaiman etal. 1994c 
IDVGA40 17 240 1 1 1 Mezzelani etal. 1995 
INRA110 17 213 1 - - Vaiman etal. 1994c 
INRA38 18 115 2 2 1 Vaiman etal. 1994c 
IDVGA31 18 210-220 - - - Mezzelani etal. 1995 
INRA121 18 128-152 1 15 2 10% + TMAC 3.0mM Vaiman etal. 1994c 
IDVGA55 18 195 1 7 4 2.5mM Mezzelani etaL 1995 
BP20 19 219-233 1 1 1 Bishop etal. 1994 
HELlO 19 3 2 Not tested Kaukinen and Varvio 1993 
IDVGA44 19 1 1 1 Mezzelani etal. 1995 
IDVGA46 19 190 3 4 2 10% + TMAC 3.0mM Mezzelani etal. 1995 
AFL36I 19 - - - Barendse et al. 1997 
BM713 20 100-112 1 - - Bishop etal. 1994 
BM3517 20 104-124 - 1 1 Bishop etal. 1994 
TGLA304 20 86-100 2 3 2 2.5mM Georges and Massey 1992 
—a 









TGLA126 .20 109-127 2 1 2 Georges and Massey 1992 
BM5004 20 120-154 1 5 4 10% + TMAC 3.0mM Bishop et al. 1994 
AFR2215 20 96 1 - - Jorgenson etal. 1995 
BM1225 20 227-253 1 6 2 10% + TMAC 3.0mM Bishop etal. 1994 
TGLA337 21 . 1 6 2 2.5mM Georges and Massey 1992 
IDVGA39 21 165-196 1 4 1 10%+TMAC 3.0mM Mezzelanietal. 1995 
CSSM26 22 240-250 1 3 2 2.5mM Moore etal. 1994 
HRH1 22 133-141 1 - - Bishop etal. 1994 
CSSM4I 22 130-140 3 6 4 10%+TMAC 3.0mM Moore etal. 1994 
BM3628 22 243-263? 1 2 2 10% + TMAC 3.0mM Bishop etal. 1994 
HUJ175 22 130-160? 3 5 3 2.0mM Shalom etal. 1994 
INRA130 22 100 3 1 1 Vaiman etal. 1994c 
BM47 23 94-126 1 - - Bishop et al. 1994 
UWCA1 23 102-130 1 - Sun etal. 1993 
BM1905 23 170-199 2 1 1 Bishop etal. 1994 
DRB 23 121-137 Not tested Not tested Not tested 
10BT528 23 182 - - Not tested Barendse et al. 1997 
BM226 24 128-164 - 1 - Bishop etal. 1994 
CSSM23 24 214 1 - - Moore etal. 1994 
ILSTS101 24 171 1 1 1 Kemp etal. 1995 
INRA90 24 168 1 2 2 Vaiman etal. 1994c 
TGLA86 25 128-140? 2 6 3 10% + TMAC 3.0mM Georges and Massey 1992 
RM44 25 100 - - - Kossarek et al. 1995 
JAB5 25 - - - Williams et al. 1996 
HEL11 26 181-193 - - - Kaukinen and Varvio 1993 
BM4505 26 204-248 - 1 1 Bishop et al. 1994 
BM804 26 144-152 - - - Bishop etal. 1994 
Marker 	 Cow 	Size in 	Soay 	Red alleles 	Sika 	DMSO 	Mg 	 Reference 
chromosome cow alleles alleles conc 
ABS12 26 - 9 4 2.0mM Pfister-Genskow etal. 1995 
HAUT27 26 - - - Thieven etal. 1997 
BM203 27 203-244? 6 8 3 2.0mM Bishop etal. 1994 
BM3507 27 159-187 - - - Bishop etal. 1994 
RM209 27 115-145 1 1 1 10% i-TMAC 3.0mM Kossarek etal. 1994 
HUJ113 27 - 1 1 Shalom etal. 1995 
CSSM43 27 253-261 3 11 4 10%+TMAC 3.0mM Moore etal. 1994 
BP23 28 272-288 - 3 1 10%+TMAC 3.0mM Bishop etal. 1994 
00 	 IDVGA29 28 144-154 1 2 3 2.0mM Mezzelani etal. 1995 
IDVGA8 28 212-226 - 4 2 10% + TMAC 3.0mM Mezzelani etal. 1995 
RBP3 28 132-144 3 7 2 2.5mM Fries etal. 1993 
IDVGA43 28 170-184 3 - - Mezzelani etal. 1995 
AF4 (1-6068) 29 3 1 1 Konfortov etal. 1996 
BM4005 29 108-122 1 2 3 10% + TMAC 3.0mM Bishop etal. 1994 
AF5 29 130-164 - 6 3 10% + TMAC 3.0mM Konfortov etal. 1996 
IDVGA71 29 192-201? 1 1 1 Zhang etal. 1995 
TGLA40 29 100-118? 1 4 2 10% + TMAC 3.0mM' Georges and Massey 1992 
BM6017 X 112-139 - - - Bishop etaL 1994 
INRA30 X 156-166 - 1 1 Vaiman etal. 1994c 
HEL26 X 180-193? - 1 1 Barendse etal. 1997 
rTl 
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Appendix D 
Conservation of microsatellite markers other than those 
donated by John Williams (Roslin Institute). 
Listed are markers for which primers were obtained from sources other than John Williams, and were 
not screened in the 'MAXI mapping panel' (Chapter 4). Non-Williams markers that were screened in 
the MAXI pedigree are described in Table 4.3. Some of the markers listed here were screened in the 
International Mapping Herd (Chapter 6). 
Locus Source Product in Alleles in 
Species red deer red deer 
918 Cattle V 3 
BL41 Cattle V 1 
BM103 Cattle V 2 
8M1233 Cattle X - 
BM1314 Cattle V 1 
BM1824 Sheep 1 
BM2113 Cattle V 1 
BM305 Cattle VO 2 
BM3413 Cattle ? - 
BM4440 . 	 Cattle 
3M6438 Cattle V 2 
BM6506 Cattle V 2 
BM8125 Cattle X - 
BM864 Cattle V 1 
BM9202 Cattle V 1 
BMC1 013 Cattle V 1 
BMS1617 Cattle ? - 
BOVGAPR Cattle V 1 
BP20 Cattle V 2 
BR2936 Cattle X - 
BTpS Cattle V 2 
Cerl4 Red Deer? V 2 
CSSM14 Cattle V 2 
CSSM18 Cattle V 2 
CSSM22 Cattle V 1 
CSSM26 Cattle 1 
CSSM32 Cattle 1 
CSSM65 Cattle 2 
DB6 Sheep V 1 
DRB3 Sheep V 7 + 
DRBP1 Sheep X - 
DRBP2 Sheep V 2 
ETH131 Cattle X - 
ETH185 Cattle V 1 
ETH3 Cattle V 1 
Hautl4 Cattle X - 
HBB Cattle X - 
HELl Cattle V 2 
HELlO Cattle V 1 
HEL5 Cattle V 2 
HUJ223 Cattle V 1 
HUJ616 Cattle V 1 




CONSERVATION OF OTHER MICROSATELLITES 
Locus Source Product in Alleles in 
Species red deer red deer 
ILSTS104 Cattle v 2 
ILSTS13 Cattle YO 1 
ILSTS14 Cattle WO 1 
ILSTS2 Cattle 1 
ILSTS28 Cattle 2 
ILSTS30 Cattle 2 
ILSTS4 Cattle 1 
ILSTS44 Cattle 1 
ILSTS55 Cattle 40 1 
ILSTS56 Cattle X - 
ILSTS58 Cattle VO 2 
JP1 Red Deer X - 
JP14 Red Deer 2 
JP18 Red Deer 2+ 
JP30 Red Deer X - 
JP31 Red Deer X - 
JP6 Red Deer 1 
M3087 Cattle 5 
(=MAP2C) 
McM210 Sheep X - 
McM357 Sheep v 1 
McM42 Sheep ? - 
OarAE119 Sheep 40 1 
OarCP134 Sheep VO 1 
OarCP16 Sheep VO 2 
OarCP21 Sheep ? - 
OarCP43 Sheep X - 
OarCP49 Sheep 2 
OarCP79 Sheep 1 
OarFCB11 Sheep 1 
OarFCB128 Sheep 2+ 
OarFCB20 Sheep 40 1 
OarFCB266 Sheep v 1 
OarFCB48 Sheep vp 2 
OarH1-141 Sheep X - 
OarH1-147 Sheep v 1 
OarH1-156 Sheep X - 
OarH1-164 Sheep 2+ 
OarMAF209 Sheep VO 1 
OarMAF214 Sheep 1 
OarMAF23 Sheep 2 
OarMAF36 Sheep 4+ 
OarMAF4 Sheep ? - 
OarMAF45 Sheep 1 
OarMAF46 Sheep VO 1 
OarMAF50 Sheep 7+ 
OarMAF64 Sheep 1 
OarMAF65 Sheep 2 (+ null) 
0arVH116 Sheep 4 
OarVH34 Sheep 1 
OarVH4 Sheep X - 
OarVH58 Sheep X 2 
OCAM Cattle ho 3 + 
OIFNG Sheep WO 2+ 
OMHC Sheep ? - 




CONSERVATION OF OTHER MICROSATELLITES 
Locus Source Product in Alleles in 
Species red deer red deer 
PgazAC3 Gazelle ? - 
PgazAC4 Gazelle ? - 
PgazAC6 Gazelle 2 
PgazAGC2 Gazelle 2 
RASA Cattle VO 1 
RM106 Cattle VO 1 
RM178 Cattle v 3 
RM4 Cattle 2 
RM65 Cattle X - 
RM96 Cattle VO 1 
RME25 Cattle VO 1 
RT1 Caribou 6 
RT10 Caribou 2 
RT13 Caribou 4+ 
RT20 Caribou VO 1 
RT23 Caribou 1 
RT24 Caribou VO 1 
RT25 Caribou 6 
RT27 Caribou VO 2 
RT30 Caribou 2 
RT7 Caribou 1 
RT9 Caribou 1 
SpO Sheep X - 
5p2 Sheep VO 2 
5p3 Sheep VO 1 
5p6 Sheep X - 
SpS Sheep 1 
SKFG Sheep ? - 
SMHCC Sheep VO 6+ 
TGLA116 Cattle VO 1 
TGLAI22 Cattle VO 1 
TGLA131 Cattle VO 1 
TGLAI70 Cattle VO 1 
TGLA272 Cattle 1 
TGLA51 Cattle X - 
TGLA53 Cattle X - 
UWCA4 Cattle VO 2 
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Appendix E 
Detecting parent-offspring mismatches 
Parent off-spring mismatches were detected by running structured query language 
(SQL) statements for each locus in Microsoft Access. Mother-offspring mismatches 
were relatively easy to detect, while detection of father-offspring mismatches, in 
which it is assumed that the mother was correctly genotyped, was more complicated. 
SQL query to detect mother-offspring mismatches 
A simple query was written to detect any mother-offspring pairs where the offspring 
had neither maternal allele. The example shown is for the locus IDVGA55. 
([micjon].[IDVGA55a] <> [micjon_1 ].[IDVGA55a] And 
[micjon].[IDVGA55a] <> [micjon_1 ].[IDVGA55b] ) And 
([micjon].[IDVGA55b] <>[micjon_1].[IDVGA55a] And 
[micjon].[IDVGA55b] <> [micjon_1 ].[IDVGA55b]) 
SQL query to detect father-offspring mismatches 
Father-offspring incompatibilities are possible in two different ways. The most 
obvious way is when neither of the father's alleles are present in the offspring (the 
first part of the query). The second way is when father and mother share an allele 
which is also present in the offspring. However, the other offspring allele is present 
in neither father or mother. The second and third parts of the query detect this type of 
mismatch. 
((( [micjon].[IDVGA55a] <> [micjon_2].[IDVGA55a] 
and [micjon].[IDVGA55a] <> [micjon_2].[IDVGA55b] ) And 
( [micjon].[IDVGA55b] <> [micjon .2].[IDVGA55a] 
and [micjon].[IDVGA55b] <> [micjon_2].[IDVGA55b])) 
OR 
(([micjon].[IDVGA55a] = [micjonl].[IDVGA55a] or 
[micjon].[IDVGA55a] = [micjon_1 ].[IDVGA55b] ) and 
([micjon].[IDVGA55a] = [micjon2].[IDVGA55a] or 
[micjon].[IDVGA55a] = [micjon2].[IDVGA55b]) 
and ( [micjon].[IDVGA55b] <> [micjonl ].[IDVGA55a] 
and [micjon].[IDVGA55b] <>[micjonl].[IDVGA55b] 
and [micjon].[IDVGA55b] <>[micjon2].[IDVGA55a] 
and [micjon].[IDVGA55b] <>[micjon_2].[IDVGA55b])) 
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Au- 
(([micjon].[I DVGA55b] = [micjon_1 ].[IDVGA55a] or 
[micjon].[IDVGA55b] = [micjon_1].[IDVGA55b] ) and 
([micjon].[IDVGA55b] = [micjon_2].[IDVGA55a] or 
[micjonj.[IDVGA55b] = [micjon_2].[IDVGA55b]) 
and( [micjon].[IDVGA55a] <> [micjon_1 ].[IDVGA55a] 
and [micjon].[IDVGA55a] <> [micjon_1].[IDVGA55b] 
and [micjon].[IDVGA55a] <>[micjon_2].[IDVGA55a] 
and [micjon].[IDVGA55a] <> [micjon_2].[IDVGA55b] ))) 
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Figure El: Diagram showing the relational database query for detecting 
father—offspring mismatches at the locus IDVGA55. Genetic data is stored in 
the table MICJON and parentage data in the table PEDBWTM. The tables 
are joined so that genotypes for calf, mother and CERVUS father are 
compared. When the query is run, only calves who have a genetic mismatch 
with the CERVUS father are displayed. The SQL command shown overleaf is 









MICROSATELLITES SCREENED IN THE llvll-I 
Appendix F: Microsatellite markers screened in the 
deer International Mapping Herd (IMH) in this study 
For each locus the number of alleles detected in red deer is included. It is 
assumed that Père David's deer are monomorphic unless stated otherwise in 
Chapter 4. Loci are mappable if one or both sires is heterozygous, or if the 
Père David's allele is a null allele. Mappable loci are indicated in the fourth 
column. Column 5 indicates those loci that have been designated a map 
location. A number of unassigned loci are likely to mapped following further 
analysis using Animap. (The deer genetic map is viewable at 
http://www.ri.bbsrc.ac.uk/cgi-bin/arkdb/).  
Locus No. alleles Genotype of sires Mappable Currently on 
in red deer ? map? 
965 3+ Heterozygous X 
ABS12 9 Heterozygous X 
AFR227 6 Heterozygous VO X 
AGLA293 3 Heterozygous V X 
BM1222 5 Heterozygous VO X 
BM1225 6 + null Homozygous X X 
BM1258 7 Heterozygous 
BM1329 6 Heterozygous VO X 
BM1706 6 Heterozygous VO X 
BM1818 5 Heterozygous VO 
BM203 8 Heterozygous 
BM2934 6 Heterozygous X 
8M3628 3 Heterozygous 
BM4005 2 Heterozygous VO X 
BM4006 3 Homozygous X X 
BM4208 7 Heterozygous V X 
BM4440 3+ Heterozygous Non- X 
Mendelian 
BM4513 12 +null Heterozygous X 
BM5004 4 Homozygous X 	 X 
BM6438 4 Heterozygous 40 	 VO 
BM6506 6 Heterozygous VO 
BM716 1 Homozygous ' 	 X 
BM757 8 Heterozygous X 
BM888 11 Heterozygous X 
BR3510 5 Homozygous (PD null) VO 	 X 
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Locus 	 No. alleles 	Genotype of sires 	Mappable Currently on 
in red deer ? 	 map? 
CSRM60 11 + Heterozygous 
CSSM14 2 Heterozygous 
CSSM16 3 Heterozygous 
CSSM19 4 Heterozygous 
CSSM22 3 Heterozygous VO 	 40 
CSSM26 3 Heterozygous v 	 X 
CSSM29 2 Heterozygous X 
CSSM39 5 Heterozygous 
CSSM41 6 Heterozygous X 
CSSM43 11 Heterozygous 
CSSM65 3 Heterozygous 
CSSM66 7 Heterozygous 
DRB3 5 Heterozygous X 
DRBP2 2 Homozygous X 	 X 
ETH225 6 Heterozygous 
HELl 4 Heterozygous X 	 X 
HEL5 2 Homozygous X 	 X 
HIS-Hi 2 Heterozygous VO 	 X 
HUJ175 5 Heterozygous VO 	 X 
HUJI177 7 Homozygous (+NuIl) WO 	 X 
IDVGA37 7 Heterozygous 
IDVGA46 4 Heterozygous 40 	 X 
IDVGA55 7 Heterozygous vp 	 X 
IDVGA8 4 Heterozygous vp 	 X 
ILSTS12 5 Homozygous (PD null) X 
ILSTS14 1 Homozygous X 
ILSTS30 1 Heterozygous 40 	 VO 
ILSTS33 4 Heterozygous 40 
ILSTS5 1 Heterozygous 
ILSTS6 9 Heterozygous X 
ILSTS87 3 Heterozygous 
ILSTS93 4 Heterozygous X 
INRA107 10 Heterozygous X 
INRA11 7+ Heterozygous VO 
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Locus 	 No. alleles 	Genotype of sires 	Mappable Currently on 
in red deer maD? 
INRA121 15 Homozygous (PD null) VO X 
INRA130 1 Heterozygous I'  X 
INRA131 3 Heterozygous X 
INRA169 5 Heterozygous VO X 
INRA35 7 Heterozygous VO 
INRA37 1 Heterozygous X 
INRA38 3 Heterozygous VO X 
INRA40 9+ Heterozygous VO X 
(or 2 loci?) 
INRA5 1 Heterozygous X 
INRA6 3 Heterozygous X 
JAB1 2 Heterozygous VO X 
JAB4 1 Heterozygous X 
JAB7 1 Heterozygous X 
JAB8 5 Heterozygous VO X 
JP14 3+ Heterozygous X 
JP23 4+ Homozygous (Null) 
MAP2C 2 Homozygous X X 
MGTG4B 6 Heterozygous VO X 
MM12 2 Heterozygous VO 
OarCP134 1 Heterozygous 
OarCP16 2 Homozygous X X 
OarMAF18 9 Heterozygous 
OarMAF46 1 Homozygous X X 
OarMAF65 2 + null Homozygous X X 
OarVH54 6 Homozygous (PD null) 
OarVH98 6 Heterozygous VO X 
PGazAC2 4 Heterozygous X 
PgazAGC2 2 Homozygous X X 
PRL 3 Heterozygous 
RBP3 7 Heterozygous 
RM12 B Heterozygous VO X 
RM178 3 Heterozygous 40 X 
RM188 6 Heterozygous VO X 




MICROSATELLITES SCREENED IN THE 1MB 
Locus No. alleles 
in red deer 




RM96 1 Heterozygous VO 
RME25 3 Heterozygous VO 
RT1 6 Heterozygous VO X 
RT13 4+ Homozygous X X 
RT23 1 Heterozygous X 
RT24 1 Homozygous X X 
RT25 6 Heterozygous 40 X 
RT27 2 Heterozygous X 
RT30 2 Homozygous X 
RT5 6 Heterozygous X 
RT6 10 Heterozygous X 
Sp2 6+ Heterozygous VO X 
SMHCC 2 loci - - X 
amplified? 
SPS113 8 Heterozygous VO X 
TGLA10 6 + null Heterozygous VO X 
TGLA127 9 Homozygous (PD null) VO X 
TGLA130 3 Heterozygous X 
TGLA226 6+ Heterozygous X 
TGLA304 2 Heterozygous X 
TGLA337 6 Heterozygous VO X 
TGLA378 6 Homozygous (PD null) v X 
TGLA40 4 Heterozygous X 
TGLA431 7 Heterozygous X 
TGLA48 2 Heterozygous I' X 
TGLA86 6 Heterozygous I' X 




TWO-POINT LINKAGE ANALYSIS IN MAXI PEDIGREE 
APPENDIX G 
LOD scores supporting linkage between pairs of loci 






JP231-IDVGA55 4 0.08 11.62 
INRA121-RT25 4 0.14 6.25 
FCB193-965 5 0.05 15.29 
TGLA94-VH98 5 0.19 3.61 
BM1815-BM1258 7 0.10 9.33 
BM1818-BM1258 7 0.19 5.19 
BM1818-BM1815 7 0.16 4.96 
IDH-TGLA226 8 0.05 2.96 
INRA131-CSSM16 11 0.05 6.09 
ILSTS12-CSSM16 11 0.15 6.11 
ILSTS12-INRA131 11 0.10 6.89 
TGLA378-RM90 12 0.06 6.75 
BM888-RM90 12 0.04 13.22 
BM888-TGLA378 12 0.12 7.04 
SPS113-RM90 12 0.14 3.47 
SPS113-TGLA378 12 0.15 3.44 
CSRM60-RM90 12 0.20 4.34 
CSRM60-BM888 12 0.15 8.02 
MCM527-TGLA337 13 0.18 3.50 
MPI-TGLA337 13 0.00 3.01 
INRA35-BM1706 14 0.01 14.89 
RBP-ABS12 15 0.04 21.52 
RBP-PGAZAC2 15 0.17 4.12 
ABS12-PGAZAC2 15 0.19 4.15 
ABS12-IDVGA8 15 0.03 5.84 
JP27-BM1329 17 0.12 3.26 
RT6-INRA11 19 0.16 3.58 
CSSM19-TF 19 0.03 5.57 
BM4513-BM2934 21 0.05 10.67 
FCB304-CSSM41 24 0.19 4.82 
MM12-BM4208 26 0.04 3.00 
RT1-BM4208 26 0.09 13.05 
JP38-MAF35 27 0.18 5.68 




ALLELE FREQUENCY HISTOGRAMS 
Appendix H: histograms of allele counts for all loci 
screened in the MAXI pedigree. 
Note that loci for which null alleles were segregating (Ch 4) are not shown. 
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Summary 
We tested 174 bovine microsatellite primer 
pairs for use in a primitive breed of sheep and 
two species of deer. Of 173 markers, 127 
(73.4%) gave .a product in Soay sheep (Ovis 
aries) of which 54 (425%) were polymorphic. 
One hundred and twenty-nine of 174 (74•1%) 
markers gave a product in red deer (Cervus 
elaphus) of which 72 (558%) were poly-
morphic. In sika deer (Cervus nippon) 126 of 
171 (737%) microsatellite primers gave a 
product with 47 (37.3%) polymorphic. The 
proportion of bovine microsatellite loci con-
served across artiodactyl species was signifi-
cantly greater in this study than previously 
reported. Reasons for this high degree of micro-
satellite conservation are discussed. We suggest 
that a high resolution comparative map of the 
artiodactyls can be constructed using microsa-
tellites. 
Keywords: cattle, comparative mapping, deer, 
microsatellite, sheep 
Introduction 
Evolutionary biologists and ecologists have a 
long-standing interest in the nature of quantita-
tive genetic variation for fitness (Fisher 1958; 
Gustafsson 1986; Mousseau & Roff 1987). With 
the advent of genetic maps, highly polymorphic 
markers and recent advances in the statistical 
techniques used to detect quantitative trait loci 
(QTLs) it is now possible to map genes affecting 
fitness and fitness components in natural popu-
lations (Mitchell-Olds 1995). Our interest is in 
the nature of additive genetic variation for fitness 
in natural populations of red deer (Cervus 
elaphus) and Soay sheep (Ovis aries), and also 
in natural selection within a hybrid zone 
between Japanese sika deer (Cervus nippon) 
and red deer in Scotland (Abernethy 1994). 
Correspondence: J Slate. 
Accepted 4 June 1998 
The marker of choice for most population 
genetics, linkage mapping and parentage stu-
dies, particularly in mammal populations, is the 
microsatellite locus (Bruford & Wayne 1993; 
Queller et a]. 1993; Jame & Lagoda 1996). 
However, obtaining a suitably large panel of 
polymorphic markers can be both time-consum-
ing and expensive if there is as yet no genetic 
map for the study organism. It has been 
demonstrated that some microsatellite loci are 
conserved across species (Moore et a]. 1991; 
Crawford et a]. 1994; FitzSimmons et a]. 1995; 
de Gortari et a]. 1997) and even higher taxa 
(Gemmell et a]. 1997). 
Cross-species utilisation of microsatellite loci 
not only saves time and effort in the laboratory, 
but also enables the construction of comparative 
maps between related species. Comparative 
maps provide information on conservation of 
synteny between species and give an estimate of 
genome coverage of a map (O'Brien et a]. 1993). 
They may also be useful in QTL detection 
(Cockett et a]. 1994), particularly if a candidate 
gene is known from another species. O'Brien 
et a]. (1993) suggest that evolutionary con-
served, gene-encoding loci be termed Type 1 
loci, and that less conserved, anonymous DNA 
markers such as microsatellites termed Type 2 
loci. Although Type 1 loci are better conserved 
across mammalian orders, Type 2 loci are still 
useful as comparative markers within an order, 
e.g. the artiodactyla. In addition, Type 2 micro-
satellite markers are generally easier to screen 
and are more polymorphic within a species. 
Earlier studies that tested cattle microsatellite 
primers across species estimated that around 
60% amplify a product in both sheep (Moore 
et a]. 1991; Crawford et a]. 1995; de Gortari 
et a]. 1997) and goat (Pepin et a]. 1995). Indeed 
the first sheep genetic map contained only 86 
microsatellites cloned in sheep compared to 126 
taken from the bovine map (Crawford et a]. 
1995). 
Here we evaluate the use of primers for 174 
bovine microsatellite markers in Soay sheep, 
red deer and sika deer. We expected to find that 
about 60% of primers would amplify a micro-
satellite in Soay sheep, with fewer amplifying a 
product in the two deer species, reflecting the 
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Slate, Coltman, 	and deer, than between cattle and both sheep mide sequencing gels and visualised on X-ray 
Goodman et al. and goat (Modi et al. 1996). 	 film as described elsewhere (Bancroft et al. 
1995). 
Materials and methods 
DNA extraction and purification 
DNA was extracted from either ear punches or 
white blood cells by standard proteinase K 
digestion, phenol/chloroform extraction and 
ethanol precipitation procedures (Sambrook 
et a]. 1989). 
Markers tested 
We tested primers for 174 bovine microsatel-
lites. These markers are a subset of those 
published in the most recent bovine genetic 
map (Barendse et al. 1997) and were chosen by 
two of us (I.M. and J.L.W.) for detection of 
economically important QTLs in cattle. They 
were selected for their high degree of poiy-
morphism in cattle, to give even spacing 
throughout the cattle genome, and because 
they would reliably amplify loci that were 
easy to score in cattle. 
PGR protocol 
Microsatellite loci were amplified as follows: 
genomic DNA (50 ng) was used as a template in 
a 10 p.l reaction mix containing 0.1 nmi dATP, 
dGTP and dTTP; 001 mrvi dCTP; 2 pmol each 
primer; lx 'Parr' buffer containing 15 mrvt MgC1 2 
(Cambio, Cambridge, Cambridgeshire, UK); 
025 U Taq polymerase (Advanced Biotechnol-
ogies, Epsom Surrey, UK) and <1 p.Ci [a- 32P]-
dCTP. If these initial low stringency reaction 
conditions did not yield a satisfactory product, 
then between 0 and 15 mri MgC1 2 (total MgC1 2 
15-30 ram), 0-10% dimethylsuiphoxide 
(DMSO) and 60 mM tetramethylammonium 
chloride/25% formamide (TMACIDE) were 
added to the reaction mix (Gemmell 1997). 
Optimised PCR conditions for loci amplified in 
the two deer species are contained in Table 1. In 
general, more optimisation was performed with 
deer than with Soay sheep. Reactions were 
overlaid with one drop of mineral oil and 
amplified in a Hybaid Omnigene Temperature 
Cycler (Ashford, Middlesex, UK). PCR was 
performed as follows: 2 min denaturation step 
at 94 °C; seven cycles of 30 s at 94 °C denatura-
tion, 1 min of 50 °C annealing, 30 s of 72 °C 
extension; then 30 cycles of 30 s at 94 °C 
denaturation, 1 mill at 52 °C annealing and 
30 s of 72 °C extension. 
Animals screened 
Primers were initially screened in a panel 
comprising of DNA from two Soay sheep, two 
red deer, two sika deer, one Père David's deer 
(Elapharus davidianus) and one cow. MgC1 2 
(10 mm) was added to the PCR mix giving an 
overall MgC1 2 concentration of 25 mm. Loci that 
gave a product in any of the deer or sheep 
species were then evaluated over a range of PCR 
conditions for each species using the following 
larger sets of individuals. - 
Eighty-nine progeny of two Père David red 
deer stags backcrossed to red deer hinds were 
examined to estimate the number of alleles in red 
deer. These progeny are part of the deer Interna-
tional Mapping Herd (IMH) produced by AgRe-
search, Invermay, New Zealand (Tate et al. 
1995). In these crosses the paternal Père David's 
allele can usually be distinguished from the 
maternal red deer allele by running the Père 
David FO sire alongside the Fl hybrid sires. In 
addition seven red deer from Cowal, Scotland 
were screened for all loci. Eight sika deer were 
tested, four from Kintyre, Scotland and four from 
Dawyck, Scotland. Six unrelated Soay sheep 
from Hirta, St Kilda, Scotland were tested. 
Description of PCR products 
A single-band PCR product was only considered 
to be the conserved target microsatellite if the 
observed band showed a distinctive 'stutter' 
pattern and was close to the size range of the 
observed cattle product. If a single-band was not 
close to the observed size in cattle, or did not 
show a 'stutter' pattern typical of a microsatel-
lite, then the PCR product was considered non-
specific and the locus under test was consid-
ered not conserved in the test species. If no PCR 
product was amplified the same conclusion was 
reached. Polymorphic loci with 'stutter' bands 
and of similar size to that observed in cattle 
were regarded as the target bovine microsatellite 
locus, conserved across species. 
Results 
A summary of the results for the 174 loci tested 
is given in Table 1. Details of the optimised PCR 
conditions for deer are given as well as size of 
product in cattle, cattle chromosomal location, 
and the number of alleles found in each of the 






Table 1. Summary of each cattle microsatellite evaluated in Soay sheep, red deer and sika deer 
Cow Size Soay Red Sika Mg conc. 
Marker chromosome in cow alleles alleles alleles DMSO (mm) Referenceb 
BM3205 1 204-221 3a 1 1 1 
TGLAI30 1 126-201 - 3 1 10% + TMAC 2'0 2 
TGLA415 1 106-126 ic 1 1 2 
TGLA213 1 500 - - - 2 
TGLA49 1 120 - - 2 
TGLAI35 1 110 1 - - 2 
TGLA57 1 80-104 - 1 1 2 
INRAI28 1 182 3 2 4 3 
CSSM42 2 165-222 - 1 1 4 
IDVGA37 2 210 2 7 3 0 2•0 5 
BM4440 2 121-147 1 4 2 1 
IDVGA2 2 140 1 - - 5 
INIRA40 (1) 2 Not tested 3 Not tested 5% 2'0 
d 
INRA40 (2) 2 205-230 1 8 5 5% 20 3 
TGLA43I 2 134-163 - 7 3 0 3•0 2 
TGLA226 2 145-151 - 6 2 10% 20 6 
INRA23 3 197-223 3 1 1 7 
INRA6 3 105 3a 2 1 0 20 8 
HUJ1177 3 210 _a - 0 20 9 
IDVGA35 3 230 1 - - 10% + TMAC 20 5 
TGLAI27 3 170 - 9 2 5% 2•0 2 
IDVGA27 3 136-140 1 2 1 5 
TGLA263 3 100-136 7 - - 2 
10BT250 3 105-117 1 1 1 10 
R1v1188 4 124-150 1 6 1 10% + TMAC 20 6 
INRA37 4 130 1 1 1 5% 20 3 
HEL25 4 139-149 - - - 10 
MGTG413 4 134-164 2 6 1 5% 20 10 
AGLA293 5 196-260 2' 3 1 20 2 
BM6026 5 148-168 1 2 1 1 
ETH152 5 196-204 1 1 1 11 
BM1819 5 114-128 1 1 1 1 
BM315 5 107-163 1 - - 1 
BM2830 5 149-203 la 1 1 1 
IDVGA9 5 200 1 1 1 5 
ETH10 5 210-226 1 1 1 12 
BM2320 6 128-152 - 6 2 1 
BM4528 6 238-276 - 1 1 1 
ILSTS90 6 150-190 - - - 13 
BM1329 6 145-161 1c 6 1 10% + TMAC 25 1 
ILSTS93 6 160 (202?) 3 5 2 10% + TMAC 30 13 
ILSTS97 6 225 1 1 1 13 
RM28 6 96-110 1 1 1 6 
AFR227 6 113 4 6 1 10% + TMAC 15 14 
BM741 7 172-184 Ic 1 1 1 
ILSTS6 7 283-295 - 9 2 10% + TMAC 30 15 
BP41 7 312-326 - - - 1 
INIRA53 7 100 I - - 3 
CSSM29 7 230 1 2 5 10% + TMAC 30 4 
RM12 7 107-111 I 8 1 10% + TMAC 20 6 
IDVGA1I 8 230 1 1 1 5 
HEL9 8 143-165 1 1 1 16 
BM4006 8 97-119 Ia 3 1 10% + TMAC 20 1 
CSSM47 8 141-171 2c 1 1 4 
TGLAIO 8 150 3c 6 3 10% + TMAC 30 2 
UWCA47 8 3 1 1 10 
CSSM37 8 172 2 1 1 4 
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(mm) Reference b 
TGLAI3 8 183-209 5 C - 1 2 
CSSM56 9 230-240 Ia - - 4 
UWCA9 9 100 Ic - - 17 
BM757 9 182-220 3'  7 2 10% + TMAC 20 1 
BM2504 9 130-146 3'  1 1 1 
TGLA73 9 110-128 3' 1 1 2 
SPSII3 10 133-165 1 8 2 10% + TMAC 30 
CSSM38 10 180 - - - 4 
BM888 10 173-183 1 11 1 10% + TMAC 30 1 
C55M39 10 195-208 1 5 2 10% + TMAC 3•0 4 
JABIO 10 276?-288 1 1 2 18 
TGLA378 10 100-120 6 6 4 10% + TMAC 30 2 
INRA107 10 166 2 10 2 10% + TMAC 3•0 7 
C55M46 10 152 - - - 4 
HEL13 11 177-197 1 - - 16 
IDVGA3 11 150 - 4 1 20 5 
BM716 11 114-155 2 1 2 1 
INRA131 11 125 3 3 1 25 3 
JAB7 11 360 2 1 1 25 18 
INRAI69 11 1 5 1 2•5 32 
BM6108 12 116-144 2' 1 1 1 
TGLA36 12 77-107 —c 1 1 2 
RM178 12 - 3 1 10% + TMAC 3'0 6 
BM6404 12 127-149 3' 1 1 1 
INRA5 12 119-123 5 1 1 10% + TMAC 30 8 
INIRA209 12 140-150 1 2 1 19 
RM162 12 121-139 1 - - 20 
DIKI6 12 2 1 1 21 
HUJ616 13 140 4' 1 1 10% + TMAC 20 22 
JAB3 13 226-230 1 - - 18 
BM1222 13 272-303 a 5 1 10% + TMAC 30 1 
ETH7 13 270 1 - - 12 
TGLA23 13 92-116 2' - - 2 
L6003 13 1 - - 
TGLA131 13 150 Not tested Not tested Not tested 2 
ABS10 13 1 5 1 23 
CSSM36 14 163-185 1 1 1 4 
BM4513 14 141-161 ic 12 3 10% + TMAC 20 1 
BM4630 14 151-165 3' - - I 
BM6425 14 172-192 1 1 1 1 
INRA94 14 157 1 - - 3 
BM2934 14 81-103 1 6 4 10% + TMAC 30 I 
BR3510 15 90-114 3C 5 1 10% + TMAC 30 I 
JAB8 15 220 3 5 1 10% + TMAC 30 24 
JABI 15 224-234 2 1 1 10% + TMAC 30 24 
JAB4 15 187-193 1 	- 1 1 25 24 
IDVGAIO 15 190 3 1 1 5 
FSHB 15 200 2a 6 2 10% + TMAC 30 30 
SPSII5 15 3 3 2 20 
BM6430 16 105-164 - - - 1 
BM1706 16 233-259 - 5 1 25 1 
BR6504 16 125-145 - 1 1 1 
ETH11 16 214 - 1 1 12 
BM719 16 147-155 3 C - - 1 
BM1862 17 191-224 2 - - 1 
OarVH98 17 133-161 3 6 2 10% + TMAC 30 25 
CSSM33 17 179 1 2 1 20 4 
INRA25 17 220 - 1 1 3 
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Table 1. Continued 
Bovine 
microsatellites Cow Size Soay Red Sika Mg conc. 
conserved across Marker chromosome in cow alleles alleles alleles DMSO (mm) Reference' 
artiodactyls IDVGA40 17 240 1 1 1 5 
INRAI10 17 213 1 - - 3 
INRA38 18 115 2 2 1 3 
IDVGA3I 18 210-220 - - - 5 
INRAI21 18 128-152 1 15 2 10% + TMAC 30 3 
IDVGA55 18 195 1 7 4 25 5 
BP20 19 219-233 1 1 1 1 
HIEL10 19 3C 2 Not tested 16 
IDVGA44 19 1 1 1 5 
IDVGA46 19 190 3a 4 2 10% + TMAC 30 5 
AFL36I 19 - - - 10 
BM713 20 100-112 1 - - I 
BM3517 20 104-124 - 1 1 1 
TGLA304 20 86-100 2 3 2 2'5 2 
TGLA126 20 109-127 2 1 2 2 
BM5004 20 120-154 f 5 4 10% + TMAC 30 1 
AFR2215 20 96 1 - - 14 
BM1225 20 227-253 1' 6 2 10% + TMAC 30 1 
TGLA337 21 1 6 2 25 2 
IDVGA39 21 185-196 1 4 1 10% + TMAC 30 5 
CSSM26 22 240-250 1 3 2 25 4 
FIRHI 22 133-141 1 - - I 
CSSM41 22 130-140 3a 6 4 10% + TMAC 30 4 
BM3628 22 243-263? ic 2 2 10% + TMAC 30 1 
HUJ175 22 130-160? 3 5 3 20 9 
INRA130 22 100 3 1 1 3 
BM47 23 94-126 1 - - I 
UWCA1 23 102-130 1 - - 31 
BM1905 23 170-199 2 1 1 1 
DRB 23 131-170 Not tested Not tested Not tested 
10BT528 23 182 - - Not tested 10 
BM226 24 128-164 -C - I 
CSSM23 24 214 1 - - 4 
ILSTS1OI 24 171 1 1 1 13 
INRA90 24 168 1 2 2 3 
TGLA86 25 128-140? 2 6 3 10% + TMAC 30 2 
RM44 25 100 - - - 33 
JABS 25 - - - 18 
HELI1 26 181-193 a - - 16 
BM4505 26 204-248 C 1 1 1 
BM804 26 144-152 - - 1 
ABSI2 26 - 9 4 20 23 
HAUT27 26 - - 26 
BM203 27 203-244? 6' 8 3 20 1 
BM3507 27 159-187 - - - I 
RM209 27 115-145 1 1 1 10% + TMAC 30 34 
HUJII3 27 - 1 1 35 
CSSM43 27 253-261 3'  11 4 10% + TMAC 30 4 
BP23 28 272-288 - 3 1 10% + TMAC 30 1 
IDVGA29 28 144-154 1 2 3 20 5 
mvGA8 28 212-226 - 4 2 10% + TMAC 30 5 
RBP3 28 132-144 3' 7 2 25 27 
IDVGA43 28 170-184 3 - - 5 
AF4 (1,6068) 29 3 1 1 28 
BM4005 29 108-122 1' 2 3 10% + TMAC 30 1 
AF5 29 130-164 - 6 3 10% + TMAC 30 28 
IDVGA71 29 192-201? 1 1 1 29 
TGLA40 29 100-118? 1 4 2 10% + TMAC 30 2 
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Table 1. Continued 
Cow Size 	Soay Red Sika Mg conc. 
Marker chromosome in cow alleles alleles alleles 	DMSO (mm) 	Reference ' 
BM6017 X 112-139 	- - - 1 
INRA30 X 156-166 	- 1 1 3 
HEL26 X 180-193? 	- 1 1 10 
-, no product amplified in test species. 
TMAC = 60 mat tetrarnethylammonium chloride and 25% formamide. 
Standard PCR conditions were 25 ifiM MgC121  0% DMSO and 0% TMACIDE unless otherwise listed. 
PCR conditions for Soay sheep are not listed. Most loci were evaluated using 25 MM  MgC1 2 in the absence of 
DMSO and TMACIDE. 
'Mapped previously in domestic sheep. de Gortari et a1. (1998). 
b1 Bishop et a]. (1994); 2, Georges & Massey (1992); 3, Vaiman et a1. (1994c); 4, Moore et a1. (1994); 5, Mezzalani 
et a]. (1995); 6, Barendse et a1. (1994); 7, Vaiman et a]. (1994a); 8, Vaiman et al. (1992); 9, Shalom et a1. (1994); 10, 
Barendse et a]. (1997); 11, Steffen et a]. (1993); 12 Solinas-Toldo et a]. (1993); 13, Kemp et a]. (1995); 14, 
Jorgenson et a]. (1995); 15, Brezinsky et a1. (1993); 16, Kaukinen & Varvio (1993); 17, Sun et a1. (1994); 18, 
Williams et a]. (1996); 19, Bahri-Darwich et a]. (1994); 20, Kossarek et a1. (1996); 21, Inoue et a1. (1995); 22, 
Shalom et a]. (1993); 23, Pfister-Genkow et a]. (1995); 24, Williams et a]. (1995); 25, Hanrahan et a1. (1993); 26, 
Thieven et a]. (1997); 27, Fries et al. (1993); 28, Konfortov et a]. (1996); 29, Zhang et a1. (1995); 30, Moore et a]. 
(1992); 31, Sun et al. (1993); 32, Vaiman et a]. (1994b); 33, Kossarek et al. (1995); 34, Kossarek et a]. (1994); 35, 
Shalom et al. (1995). 
'Mapped previously in domestic sheep. Crawford et al. (1995). 
dAdditional locus amplified in red deer only. 
test species. Markers that have previously been 
shown to amplify a product in sheep are also 
indicated. Table 2 summarises the number and 
proportion of bovine loci conserved in each 
species tested. 
Twelve of the markers tested gave a hetero-
zygous product in the Père David deer. They 
were TGLA226, INRA37, TGLA431, BM757, 
ILSTS93, RM12, SPS113, ILSTS6, INRA107, 
INRA5, BM1225, and IDVGA46. 
Discussion 
In this paper we describe a panel of bovine 
microsatellite loci which are conserved in three 
species of artiodactyl, namely Soay sheep (54 
polymorphic loci), red deer (72) and sika deer 
(47). These loci can be used to measure genetic 
variation in natural populations of these species 
and in the case of red deer can be mapped in 
what is an economically important species (Tate 
et a]. 1995). 
The proportion of primers amplifying a locus 
in each of the three test species was higher than  
found in other similar studies. de Gortari et a]. 
(1997) tested 1036 bovine primers in sheep and 
found that 605 (58%) amplified a locus. Our 
proportion of bovine markers giving a product 
was significantly higher in all three species 
tested (Soay sheep (this study) vs. domestic 
sheep (de Gortari): x2 = 1399, d.f. = 1, 
P < 0001; red deer (this study) vs. sheep (de 
Gortari study): X 2 = 1547, d.f. = 1, P < 0001; 
sika deer (this study) vs. sheep (de Gortari): 
= 1436, d.f. = 1 9 P < 0.001). Kuhn et a]. 
(1996) found that 14/27 cattle microsatellites 
primers (52%) amplified a product (all 14 loci 
polymorphic) in red deer. Engel et a]. (1996) 
tested 12 bovine primer sets across a range of six 
cervid species. Only 40% of tests resulted in a 
product being obtained in deer, although a 
higher figure was obtained when ovine or 
caprine derived primers were used. 
The higher level of cross-species amplifica-
tion obtained in the present study may be 
because PCR conditions were varied and opti-
mised; we tried a variety of conditions includ-
ing adjusting the magnesium chloride 
Table 2. Summary of the number and proportion of loci amplifying a microsatellite, the number and proportion of 
microsatellites polymorphic, and mean number of alleles in Soay sheep, red deer and sika deer 
Loci giving 	Proportion 
microsatellite giving 
Species 	product 	microsatellite (%) 
Loci 	 Proportion 	Mean no. of 
polymorphic 	polymorphic (%) 	alleles (SD) 
Soay sheep 	127/173 	73.4 	 54/127 	42•5 	 18 ± 12 
Red deer 129/174 741 72/129 558 34 ± 29 
Sika deer 	126/171 	73.7 	 47/126 	37.3 	 16 ± 1.0 






concentration and testing the effect of DMSO 
and TMACIDE, especially in deer. Of the other 
studies mentioned above, only Kuhn et a]. 
(1996) optimised PCR conditions for all primers 
tested. 
Another explanation for the higher rate of 
cross-species amplification found in the present 
study may be that there was a bias in the loci 
used (de Gortari et a]. 1997), since they were 
initially selected for ease of use and high 
polymorphism content in cattle. Therefore our 
results were compared with those of de Gortari 
et a]. (1997) in greater detail. Seventy-nine of 
the markers used in the present study were also 
used by de Gortari et a]. (1997). They found that 
49 (62.0%) of these markers gave a product in 
domestic sheep. This is not significantly differ-
ent from the remainder of the markers giving a 
product in domestic sheep in that study (49/79 
vs. 556/907: x2 = 0•463, d.f. = 1, P = 0496, NS). 
Furthermore, in the de Gortari study, these 49 
markers did not have a greater mean number of 
alleles in domestic sheep (2.9 ± 18 SD), than 
did the remainder of the 605 loci (3.2 ± 21 SD). 
On this basis, there is no reason to suspect that 
the loci used in our study are biased in their 
degree of conservation across species or have an 
upwards bias in the number of alleles in non-
source species. 
A third source of variation between studies 
could be different criteria for designating 
amplification of monomorphic loci. It could be 
argued that where a monomorphic PCR product 
is observed in the test species, DNA sequencing 
is the only way of determining whether the 
product is the actual target microsatellite. All of 
our test species were run on gels alongside a 
cattle control. A monomorphic product was 
only regarded as a microsatellite if it was within 
10 bp of the cattle size range and showed the 
same banding pattern, often a 'stutter' band 
typical of microsatellites. 
Ideally, to demonstrate that we were amplify -
ing homologous loci we would require sequence 
comparisons of PCR products and map posi-
tions in both source and test species. Therefore, 
we only claim provisionally that we are ampli-
fying homologous loci. However, 46 of the 
markers tested here have been independently 
mapped in domestic sheep and shown to be 
homologues of cattle markers (see Table 1). 
We expected to find a greater proportion of 
primers amplifying a product in Soay sheep 
than in either deer species. Deer are thought to 
have shared a common ancestor with cattle 20-
25 Ma, while sheep are thought to have 
diverged from cattle more recently at 15 Ma 
(Modi et a]. 1996). However, we found a similar  
proportion of markers yielding a product in all 
three species. It is likely that this observation 
results from our using a wider range of PCR 
conditions in the deer than sheep. In particular, 
if a PCR product was found in one deer species, 
a concerted effort would be made to success-
fully amplify a product in the other. Only two 
loci (HUJ1177 and TGLA13) amplified a product 
in just one deer species. We suspect that an 
even greater proportion of cattle microsatellite 
markers might be useful in sheep if a further 
effort is made in adjusting PCR conditions (e.g. 
by adjusting annealing temperature during the 
PCR). Redesigning the primer pairs for loci that 
do not amplify a product across species may 
result in a higher still conservation rate. This 
approach was successfully used by Cockett 
et a]. (1994) to map the callipyge gene in sheep. 
Ninety-nine (56.8%) of the 174 markers tested 
here amplified a microsatellite in all three 
species. However, only 18 of these were infor-
mative in all three species. Additionally 10 of 
these 18 loci have previously been mapped in 
goat (Vaiman et a]. 1996). These loci (IDVGA37, 
TGLA10, BM757, TGLA378, FSHB, VH98, 
IDVGA46, TGLA304, CSSM41 and CSSM43) 
are on 10 different bovine chromosomes and 
offer the greatest potential as markers useful in 
comparative mapping projects. Given the rela-
tively low level of genetic variation in Soay 
sheep and sika deer (see below) it is not 
particularly surprising that a higher number of 
loci were not polymorphic across all species. 
We found that red deer had a greater mean 
number of alleles than either Soay sheep or sika 
deer. This may in part be due to the fact that we 
tested more red deer than either of the other 
species. However, it should be noted that in 
contrast to red deer both of the other species 
have a history of small population sizes. The 
sika deer sampled were the result of introduc-
tions of small numbers to Scotland (Abernethy 
1994) and Soay sheep are an ancient breed 
isolated on islands in the St Kilda archipelago, 
Scotland for many generations (Bancroft et a]. 
1995) and so probably have depressed levels of 
genetic variation. The number of alleles 
observed in Soay sheep should not be taken as 
typical for domestic sheep. 
In conclusion, we suggest that the primer sites 
flanking artiodactyl derived microsatellites (and 
presumably the repeat itself) may be more 
highly conserved across closely related species 
than previously reported. Fries (1993) suggested 
that the bovine map can be used as a master 
map to establish genetic maps of other artio-
dactyls. This study provides further support 
that it should be possible to construct a 
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relatively dense comparative map of this agri-
culturally important taxon using Type 2, as well 
as Type 1 loci. 
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Power to detect QTL in a free-living 
polygynous population 
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Evolutionary biologists attempting to detect quantitative trait loci (QTL) in natural populations have 
thus far had to carry out some kind of cross with their study organism. Such techniques often increase 
the probability of detecting linkage, but are impossible or undesirable in many populations. A 
potential way of overcoming this problem is to carry out linkage studies in large complex pedigrees. In 
this paper we contrast the power to detect linkage in a complex pedigree of red deer (Cervus elaphus) 
with that of the widely used half-sib design. When a QTL of magnitude 1 phenotypic standard 
deviation is segregating and completely linked to a marker, the extended pedigree has power of 0.67, 
whereas the half-sib design has power of just 0.21. We conclude that detecting QTL may be possible in 
intensively studied natural populations, provided detailed life history data and good pedigree 
information are available. 
Keywords: Cervus elaphus, genetic mapping, major gene, natural population, pedigree, red deer. 
Introduction 
Evolutionary biologists have long been interested in 
genetic variation for fitness in natural populations. One 
unresolved issue is whether genetic variation for fitness 
and fitness components is caused by many polygenes of 
small effect, or whether genes of major effect can 
segregate despite natural selection (Barton & Turelli, 
1989; Orr & Coyne, 1992). Recent attention has focused 
on the possibility of mapping genes for fitness in natural 
populations, given the advent of suitable markers, maps 
and statistical methodology (Mitchell-Olds, 1995). How-
ever, very few studies have, as yet, attempted to do this, 
and none has managed it in an unmanipulated popula-
tion actually in the wild. The vast majority of linkage 
mapping projects have taken place in humans, labora-
tory model organisms, e.g. Drosophila (Shrimpton & 
Robertson, 1988), mouse (Keightley & Bulfield, 1993) or 
domestic species, e.g. cattle (Georges el al., 1995) and 
tomato (Paterson et al., 1988). 
A few mapping programmes have been carried out in 
'natural' populations of plants, most notably within the 
genus Mimulus (e.g. Bradshaw et al., 1995; Lin & 
Ritland, 1997). However, these studies have taken place 
within artificial crosses, a technique which elevates the 
amount of phenotypic and additive genetic variation 
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segregating within the cross, relative to the situation in 
the wild. Furthermore, selective genotyping (Darvasi & 
Soller, 1992) may have been employed. Both of these 
techniques improve the chances of detecting QTL but 
may be impossible in a large number of natural 
populations. Selective genotyping is applicable only 
when a single trait (or several phenotypically highly 
correlated traits) is of interest, whereas in many popu-
lations it is neither desirable nor possible to perform 
crosses. In addition QTL segregating within a cross do 
not necessarily segregate in a single wild population. 
Where it is not possible to create specific crosses, 
researchers might turn to an alternative experimental 
design: the use of complex, extended pedigrees. To carry 
out a QTL mapping programme without manipulating a 
pedigree is analogous to complex disease mapping in 
human populations, although considerably more diffi-
cult. To obtain a pedigree of a natural population is 
nontrivial. Additionally, genetic maps of wild species 
will not be as dense (with the possible exception of wild 
mouse populations) as the human map. The biggest 
problem for QTL mappers of natural populations is a 
lack of power in the pedigrees available (if any) to 
actually detect linkage. 
Considerable attention has been given in the animal 
breeding literature to the relative power of half-sib 
designs and more complicated family structures, in 
detecting QTL (Weller et al., 1990; van der Beek et al., 
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1995). Weller et al. (1990) examined the power to detect 
QTL for the half-sib (or daughter) design and compared 
this to a three-generation granddaughter design. In the 
daughter design each sire has a number of daughters by 
different dams. All animals are genotyped and progeny 
have recorded trait values. The alternative granddaugh-
ter design was developed with dairy cattle in mind: it 
requires sires to have a medium to large number of sons, 
who in turn sire a large number of daughters. The sons 
of the sires are genotyped and trait values of their 
daughters are recorded. Breeding values of sons are 
accurately estimated by taking daughter phenotypic 
means. Weller et al. (1990) conclude that .although not a 
particularly complex pedigree, the granddaughter design 
was a more powrful method than the half-sib design in 
detecting QTL. Additionally, less genotyping is required 
in obtaining thisenhanced power. Georges et al. (1995) 
successfully used this design to detect milk production 
QTL in dairy cattle. 
Human geneticists have also focused on the relative 
merits of extended pedigrees vs. nuclear families for 
detecting linkage. The recent Genetics Analysis Work-
shop 10 (GAWIO) set a challenge to a number of groups 
to detect QTL for an oligogenic trait segregating in two 
simulated data sets, one containing nuclear families and 
the other an extended pedigree (Wijsman & Amos, 
1997). The number of phenotypes and genotypes was 
equal for both data sets. Those analyses that used the 
extended data set were generally more successful in 
detecting the simulated disease loci, estimated QTL 
location more accurately and detected fewer false 
positives. Two properties of extended pedigrees lead to 
this increased power. First, there are more meioses in the 
extended pedigree than the nuclear family design for the 
same number of genotypes. Secondly, marker phase is 
estimated more accurately over several generations than 
over one. Recent statistical advances have enabled 
geneticists to use information from extended pedigrees 
rather than their constituent nuclear families or sibships 
(Almasy & Blangero, 1998). Approaches such as these 
may enable evolutionary biologists to search for QTL 
without performing crosses within their study popula-
tion. However, utilizing whole pedigrees does have 
disadvantages. Analyses can be computationally 
demanding, and statistical techniques familiar to those 
using simple crosses, such as least squares, cannot be 
performed. 
In this paper we investigate, by simulation, the power 
of QTL analyses in a free-living red deer population, 
using a large complex pedigree or the series of half-
sibships that comprise it. The red deer on Rum, Inner 
Hebrides, Scotland have been intensively studied for 
over 25 years, with life history data collected for over 
2000 deer. The deer genome is now reasonably well  
mapped and includes over 600 markers of which 130 are 
microsatellites (Tate, 1997). In principle it is possible to 
screen the Rum red deer for a large number of mapped, 
polymorphic markers and carry out a search for fitness-
related QTL. The main purpose of this paper is to 
investigate three questions about the power to detect 
QTL in this population. First, do small half-sibships 
contribpte towards power? Secondly, do least squares 
and likelihood approaches give similar estimates of 
power for the half-sib design? Thirdly, the main aim of 
the paper, do the complex pedigree and the half-sib 
design give similar estimates of power when using the 
likelihood approach? If the complex pedigree gives 
greater power than the half-sib design then this approach 
may be useful in attempting to map QTL in the wild. 
Methods 
The study population 
The deer in the north block of Rum have been 
intensively studied since 1971 and are one of the best 
characterized free-living mammal populations in the 
world. For a review of the first decade of the study and a 
description of the study site see Clutton-Brock et al. 
(1982). Since 1982 over 80% of new-born calves have 
been sampled for genetic purposes. Mother—offspring 
pairs in the population are determined by observation in 
the field. Typing of over 1100 individuals for nine 
mapped microsatellite loci and three allozymes has 
revealed no mis-assignments of maternity (Marshall 
et al., 1998). Paternity was assigned using CERVUS 
(Marshall et al., 1998), a program for inferring paternity 
in unmanaged populations at any required statistical 
confidence. CERVUS uses population characteristics 
including allele frequencies to calculate, by simulation, 
likelihood thresholds for determining paternity at the 
desired confidence. 875 calves born between 1982 and 
1996 were analysed of which 475 calves were assigned 
sires with 80% confidence and 203 with 95% confidence 
(Marshall et al., 1998). The polygynous mating system 
of red deer results in large numbers of half-sibs, but 
relatively few full-sibs. 
Pedigree used in simulation studies 
The Rum pedigree was visualized using PEDVIEW (King-
horn, 1994). Features such as large half-sibships and 
successful individuals were identified. One particular 
stag, MAXI, was investigated more fully for a number 
of reasons. First, MAXI was extremely successful, siring 
21 calves at 95% confidence and a further 12 at 80% 
confidence, for most of whom we have life history data. 
Secondly, a number of MAXI's offspring were extremely 
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successful ihemselves (see Fig. 1) and to date MAXI has 
at least 416 known descendants since his birth in 1971. 
Thirdly, MAXI was an F 1 between a Rum hind and a 
mainland stag (Lincoln et al., 1973) and so may have 
introduced novel additive genetic variation iiito the 
population. For the same reason marker heterozygosity 
may be highei within this specific pedigree. For the 
purposes of our simulations we have analysed the 
MAXI pedigree. DNA samples and life history data 
are available fOr all individuals used in our simulations. 
The 416 individuals are spread over six generations. In 
total there are 73.sibships ranging in size from two to 27. 
The alternative half-sib design with which we compared 
the MAXI pedigree was simply the composite half- and 
full-sibships within the larger pedigree. Breaking down 
the complex pedigree in this way violates the assumption 
that the nuclear families are independent, but analysis is 
simplified such that least squares methods can be 
employed. 
Simple least-squares-based analysis of power 
A quick method to estimate the power to detect QTL in 
the constituent half-sibships of the larger pedigree was 
Fig. 1 Pedigree showing MAXI, and his most reproductively successful descendants. Squares represent males, circles females 
and diamonds five or more individuals. 
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developed by one of us (P.V.) using computer simula-
tion. We used this 'Weller approach' to investigate 
whether small sibships contribute to power, and also to 
compare the power of this approach with a likelihood 
approach for a half-sib design. This analysis is an 
extension of that used by Weller et al. (1990) when 
evaluating thp daughter design, but allows for sibships 
of unequal size. In the balanced half-sib design used by 
Weller et al. (1990), the distribution of the test statistic 
under both the null hypothesis (no QTL segregating) 
and the alternative hypothesis can be approximated by a 
central and a noncentral X2 ,respectively. With unequal 
family sizes, the test statistic under the alternative 
hypothesis is not obvious, and we therefore use the 
following approach. 
For each replicated population the sum of squares 
attributable to the marker contrasts within sires was 
sampled by: 
1 determining whether each sire is homozygous or 
heterozygous at the QTL, by sampling from a binomial 
distribution; 
2 binning each progeny into one or other marker allele 
class (all sires are heterozygous for the marker), again by 
sampling from a binomial distribution; 
3 sampling the means of each marker class from a 
normal distribution with the mean difference between 
the marker classes equal to the QTL effect. The squared 
difference between the means, standardized by the 
variance of the difference between the two means, is a 
draw from a noncentral x2  distribution. It was thus 
assumed that the within-sire variance was known (or 
estimated without error). 
Summing this marker contrast sum of squares across 
all sires gives the test statistic. Power is calculated by 
determining the probability of this test statistic exceed-
ing a central x2  of Type I error a, with degrees of 
freedom equal to the number of sires which have 
progeny in both marker classes. 
Unlike Weller et al. (1990) we have investigated half-
sibships of differing size, as will be the case for most 
natural populations. In addition, we have taken into 
account the finite sampling of progeny group sizes for 
each marker class. We have assumed that all sires are 
heterozygous for the marker allele and that there is no 
recombination between marker and trait loci. We used 
the following parameter values for simulations. The 
QTL was assumed to be biallelic, with each allele at 
frequency 0.5. QTL magnitude was varied in increments 
of 0.1 of a within-QTL genotype phenotypic standard 
deviation, so that the difference between the heterozy-
gote and either homozygote was 0.5-1.0 SD. Polygenic 
heritability was 0.5. We examined the effect of using, all 
sibships (two sibs or more) or those containing greater  
than three, four, or five sibs, on the power of detecting 
linkage. Ten thousand replications were performed 
throughout. 
SIMLINK program 
Although the Weller approach gives a rapid and 
accurate estimate of power within the half-sib design, 
it cannot be used to analyse more complex pedigrees. To 
perform power comparisons between the extended 
pedigree and the half-sib designs (the main purpose of 
this paper) we used the likelihood-based program SIM-
LINK (Boehnke, 1986; Ploughman & Boehnke, 1989). 
SIMLINK also enables investigation of the effects of 
marker heterozygosity and recombination on power. 
SIMLINK tests whether a segregating major gene can be 
detected when linked to a marker, compared to the null 
hypothesis of a major gene segregating but being 
unlinked. Note that SIMLINK and the Weller approach 
are performing subtly different statistical tests. The 
Weller approach tests for a QTL segregating against the 
null hypothesis of no QTL, whereas SIMLINK tests for a 
QTL linked to a marker, compared with a QTL 
segregating but unlinked to the marker. The implica-
tions of this difference are discussed. We compared the 
power to detect linkage in the extended pedigree and its 
constituent sibships, whilst also investigating the effect 
of QTL magnitude, marker heterozygosity and recom-
bination between marker and QTL. One hundred 
replications were performed throughout. 
SIMLINK parameters 
1 QTL magnitude: this was as for the Weller approach. 
2 Recombination fraction: the distance between marker 
and trait locus was set to 0, 10 or 20 cM. 
3 Marker heterozygosity: the number of marker alleles 
was varied from two to nine with all alleles at equal 
frequency. This meant that marker heterozygosity var-
ied from 0.5 to 0.89. Unlike the Weller approach, a 
marker heterozygosity of unity is impossible with Sim-
LINK. However, the parameter values used in SIM LINK 
are more realistic. In practice no single marker has a 
heterozygosity of unity. 
Significance thresholds 
The relationship between the f-test of the Weller 
approach and the likelihood test of SIMLINK is compli-
cated, but the same significance level for both is essential 
to make a comparison between the two approaches for a 
half-sib design. Baret et al.. (1998) examined the rela-
tionship between the test statistics for the F-statistic (or 
its approximation by x2) and a likelihood ratio test, for 
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the half-sib design. They showed for the null hypothesis 
of no QTL segregating, that a likelihood ratio test (or 
LOD score) follows an approximate distribution of half 
times 0 and half times a x2  with d.f= 1. This can be 
approximated by using a x2  distribution with 1 d.f. and 
doubling the probability value. So, if SIMLINK is used to 
test the power of obtaining a LOD of 3.0 (corresponding 
to a probability of 0.0001) then to perform the equiv-
alent test with the Weller approach a P-value of 0.00005 
(half of 0.0001) should be used. 
Results 
Contribution of smaller sibships to power 
We used the Weller approach to examine the effect of 
the smaller half-sibships on the power to detect linkage 
to a QTL (see Table 1). Of the 73 sibships within the 
MAXI pedigree, 31 of them only had two sibs and 17 
just three sibs. Power was greatest when all half-sibships 
were used, but the contribution from the half-sibships 
with fewer than five progeny was small. In small 
sibships all offspring often inherit the same sire marker 
allele. In consequence the average number of informa-
tive sires will vary across replications of the simulation, 
and the Type 1 threshold will not be-constant. As the 
smaller families contributed little power, all subsequent 
Weller simulations were performed with the 18 half-
sibships containing five or more offspring. This meant 
that a single Type 1 threshold could be used (assuming 
that all 18 sires were informative; see Table 1), and 
comparisons between Weller et al.'s (1990) least squares 
approach and the likelihood method of SIMLINK could 
be made. 
Comparison of the Weller and SIMLINK 
approaches for the half-sib design 
Both methods were used to investigate the power of 
detecting linkage to a QTL for the constituent half-sib 
design. For a QTL of effect 0.5-1.0 phenotypic 
standard deviation, with no recombination between 
marker and trait loci, both methods yielded similar 
results (Table 2), although the Weller approach tended 
to give slightly higher power. This is perhaps unsür 
prising given that the Weller approach makes the 
assumption that all sires are heterozygous at the marker 
allele, whereas for our SIMLINK simulations we used a 
marker heterozygosity of 0.89 (see Methods). The 
maximum discrepancy in power between the two 
programs was 0.08. 
Table 1 Effect of small half-sibships on power to detect QTL using a 'Weller approach' half-sib design 
Minimum Number of Mean number of Average Type 1 Average test 
sibship size sibships informative sires threshold (x2  units) statistic (x2  units) Power 
2 73 52.0 69.7 84.5 0.81 
3 42 36.5 51.5 64.5 0.80 
4 25 23.1 36.0 46.7 0.78 
5 18 17.5 28.3 37.7 0.76 
Heritability was set to 0.5, QTL effect was 1.0 phenotypic standard deviation, and a significance threshold of 0.05 was used. Ten 
thousand replications were performed. The number of informative sires is less than the actual number of sires because all offspring in 
small sibships can inherit the same sire marker allele. 
Table 2 Comparison of the Weller approach and a LOD score approach (sIMLIr) for power of the half-sib design 
QTL effect (SD) 0.5 W) 0.5 (S) 1.0 (W) 1.0 (S) 2.0 (W) 2.0 (S)'.' 3.0(W) '3.0 (S) 
0.5 0.22 0.22 0.10 0.02 0.01 0.00 0.00 0.00, 
0.6 0.33 0.30 0.15 0.14 0.03 '0:01 0.00 0.00 
0.7 0.44 0.38 0.25 0.23 0.06 0.02 0.01 0.01 
0.8 0.56 0.49 0.35 0.31 0.10 0.10 0.03 0.01 
0.9 068 . 	 0.62 0.49 0.42 0.18 0.18 	' 0.07 0.03 
1.0 0.78 0.72 0.60 0.52 0.30 0.27 0.14 0.10 
Columns refer to power of obtaining LOD scores in the range 0.5-3.0 for the Weller (W) and SIMLINK (S) approaches. QTL effect 
ranged from 0.5 to 1.0 of a phenotypic standard deviation. Marker heterozygosity was 1.00 for the Weller approach and 0.89 for SIMLINK. 
Heritability was set to 0.5 in the Weller approach. Ten thousand replicates were performed for the Weller method and 100 for SIMLINK. 
The Weller approach used only sibships with five or more offspring. 	 - 
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Table 3 Comparison of power for an extended pedigree and a half-sib design using SIMLINK. Mean LOD score and 








Power Power Power Power 








0 0.5 0.676 (0.069) 0.49 0.24 0.06 0.02 0.246 (0.033) 0.22 0.02 0.00 0.00 
0.6 1.069 (0.093) 0.67 0.41 0.18 0.04 0.377 (0.047) 0.30 0.14 0.01 0.00 
0.7 1.557 (0.122) 0.78 0.56 0.32 0.17 0.551 (0.063) 0.38 0.23 0.02 0.01 
0.8 2.126 (0.150) 0.85 0.75 0.46 0.26 0.769 (0.080) 0.49 0.31 0.10 0.01 
0.9 2.769(0.177) 0.92 0.82 0.60 0.40 1.033 (0.097) 0.62 0.42 0.18 0.03 
1.0 3.475 (0.203) 0.97 0.90 0.74 0.51 1.346 (0.115) 0.72 0.52 0.27 0.10 
10 0.5 0.403 (0M49) 0.34 0.10 0.01 0.00 0.183 (0.028) 0.11 0.03 0.00 0.00 
0.6 0.608 (0.067) 0.43 0.22 0.06 0.01 0.266 (0.039) 0.22 0.05 0.00 0.00 
0.7 0.860 (0.085) 0.55 0.38 0.09 0.03 0.366 (0.050) 0.25 0.13 0.02 0.00 
0.8 1.152 (0.105) 0.63 0.44 0.18 0.07 0.485 (0.062) 0.31 0.17 0.03 0.00 
0.9 1.485 (0.124) 0.77 0.56 0.26 0.11 0.623 (0.073) 0.42 0.19 0.05 .0.03 
1.0 1.850 (0.143) 0.85 0.71 0.39 0.19 0.779 (0.084) 0.53 0.27 0.10 0.04 
20 	 0.5 0.239 (0.039) 0.19 0.08 0.00 0.00 0.141 (0.023) 0.05 0.02 0.00 0.00 
- 	 . 	 0.6 0.334 (0.050) 0.25 0.11 0.01 0.00 0.191 (0.030) 0.12 0.03 0.00 0.00 
0.7 0.448 (0.061) 0.26 0.19 0.05 0.00 0.244 (0.037) 0.20 0.04 0.00 000 
0.8 0.577 (0.072) 0.37 0.19 0.08 0.00 0.299 (0.044) 0.26 0.09 0.0l . . 
0.9 0.729 (0.082) 0.43 0.25 0.08 0.03 0.355 (0.050) 0.27 0.10 0.02 0.00 
1.0 0.895 (0.092) 0.53 0.35 0.14 0.03 0.415 (0.056) 0.29 0.16 0.03 0.00 
Marker.hetetozygosity was set to 0.89, recombination fraction between marker and QTL was set to 0, 10 or 20 cM, and QTL effect was 
0.5-1.0 phenotypië standard deviations. One hundred replications performed throughout. 
Comparison of mean LOD score and power 
between an extended pedigree 	.. . 
and its constituent sibships 	 . 
Table 3 compares the results obtained from SIMLINK 
using the extended pedigree and using the constituent 
half-sibships analysed -.-Separately. Mean LOD score and 
power are compared when recombination between 
marker and trait1ocus is set to 0, 10 or 20 cM. Figure 2 
illustrates the effect of QTL magnitude on mean LOD 
for all six scenarios considered (extended and half-sib 
pedigrees at three different recombination fractions). 
The mean LOD score was always greater for the 
extended pedigree than for the equivalent half-sib 
design. The relative difference between the two designs 
was greater when recombination fraction was lower. At 
0 cM the extended' pedigree mean LOD was 2.5-3.0 
tithes greater than for the half-sib design, whereas at 
20 cM the ratio was only 1 .-2:0.. 
The relationship between pedigree design and power 
was similar to that of pedigree design and mean LOD 
score. Figure 3 illustrates the power of obtaining LOD 
scores in the range 0.5-3.0 for some of the models tested. 
When there was no recombination between the marker 
and the QTL, the extended pedigree had more than 
double the power of the ha1f.sib design to obtain a LOD  
score of 2.0 and above, regardless Of QTL effect. Power 
iapid1y decreased with increasing recombination frac-
tion between marker and QTL for both designs. 
Effect of marker heterozygosity on mean LOD 
score and power 
We also examined the effect of marker heterozygosity on 
mean LOD score and power, for both extended and half-
sib designs (Table 4). When marker heterozygosity was 
reduced from 0.89 to 0.50, mean LOD score for both 
designs was more than halved. However, the extended 
pedigree still had a mean LOD score more than 2.5 times 
greater than that of the half-sib design. At the lower 
marker heterozygosity (0.50), the power to obtain a 
LOD score of 3.0 had decreased from the original value 
of 0.51 to just 0.10 for the extended pedigree. 
Disóussion 
We have demonstrated that the probability of detecting 
QTL in an unmanaged free-living population of red deer 
is greatly increased if an extended pedigree rather than a 
simple half-sib design is used. This is the first time that 
complex pedigrees have been considered for mapping 
QTL in wild populations and the results are encouraging. 
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Fig. 2 Plot showing effect of QTL magni-
tude on mean LOD score for extended 
pedigree and half-sib design. Marker het-
erozygosity= 0.89. One hundred replicates 
performed. 
-s-- Extended pedigree (recombination = 0cM) 
-o- Half-sib design (recombination )cM) 
--- Extended pedigree (recorrbination =10cM) 
-ci-- Half-sib design (recombination =10CM) 
-A- Extended pedigree (recornbination=20cM) 






Fig. 3 Power curves for extended pedi- Q> 0.5 
gree and half-sib designs. Curves show 
the power of obtaining LOD scores in  0.4  
the range 0.5-3.0. The vertical line 
represents a LOD score of 2.34, equiv- . 0.3 
alent to a genome-wide significance level 
of 0.05 when 100 markers are screened 0.2  
(see Discussion). When a QTL of 1,0 SD 	. 
•0.1 
is segregating and there is no recombi- - 
nation between marker and QTL, the - 0.0 
extended pedigree has a power of 0.67 0.5 	1.0 	1.5 	. 	2.0 	. 	2.5 
whereas the half-sib design has a power 
of 0.21. The extended pedigree has a Lod Score 
power of 0.31 when recombination is -U- Extended pedigree (QTL =1.0 SD) 
10 cM. For a QTL of effect 0.8 SD, and -C)- Half-sib design (QTL =1.0 SD) 
no recombination, the extended pedigree ;- ---A- Extended pedigree (Qfl =1.0 SD, C =0.10 cF 
has power 0.38. 	. -, 	 -- Extended pedigree (QTL =0.8 SD) 
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LOD (± SE) 
Extended pedigree 
Power Power Power Power 








2 0.500 1.355 (0.110) 0.76 0.51 0.23 0.10 0.518 (0.065) 0.33 0.15 0.05 0.01 
3 0.667 2.062 (0.150) 0.85 0.73 0.44 0.25 0.838 (0.081) 0.58 0.31 0.14 0.01 4 0.750 2.565 (0.172) 0.93 0.79 0.57 0.32 0.977 (0.088) 0.62 0.41 0.14 0.03 
5 0.800 2.971 (0.181) 0.91 0.87 0.69 0.43 1.158 (0.106) 0.68 0.45 0.16 0.08 
6 0.833 3.183 (0.186) 0.97 0.88 0.67 0.50 1.246 (0.107) 0.71 0.49 0.23 0.09 
7 0.857 3.230 (0.186) 0.95 0.90 0.73 0.47 1.302 (0.113) 0.72 0.49 0.23 0.09 
8 0.875 3.336 (0.195) 0.95 0.90 0.73 0.51 1.322 (0.113) 0.73 0.49 0.24 0.10 
9 0.889 3.475 (0.203) 0.97 0.90 0.74 0.51 1.346 (0.115) 0.72 0.52 0.27 0.10 
Mean LOD score and power of achieving LOD score greater than 0.5-3.0 for an extended pedigree and a half-sib design. QTL effect was 
1.0 SD, recombination between marker and QTL was 0 cM and 100 replicates were performed. 
A number of field studies could now produce pedigrees 
several generations deep, and similar to the one we use 
in our analysis. 
Why does the extended pedigree yield greater power 
than the half-sib design? The extended pedigree uses 
genotype and phenotype information on all individuals, 
and by tracing marker alleles down the pedigree, 
calculates the likelihood oLa major gene segregating. 
In other words, both between- and within-family infor-
mation is considered. In contrast, the half-sib design 
uses only within-family information. 
With a real QTL mapping data set, one would 
probably perform a test that compares a model of 
QTL and background polygenic effect against a model 
which had only a polygenic effect. Our comparison of a 
half-sib design and an extended pedigree used a model 
of QTL linked vs. QTL present but unlinked. Our own 
data, and also those of Le Roy & Elsen (1995) suggest 
that the former test may give a slightly higher test 
statistic than the SIMLINK comparison. In our half-sib 
simulations the Weller approach gave marginally higher 
power than SIMLINK, although this may be caused by the 
slightly higher marker heterozygosity for the Weller 
approach. Le Roy & Elsen (1995) also demonstrate that 
a LOD score approach (testing QTL linked vs. QTL 
unlinked) gives lower power relative to a Weller 
approach, particularly for a three-generation design 
compared to a half-sib design. This would suggest that 
our test statistic for the extended pedigree may be 
downwardly biased, making our comparison between 
the extended pedigree and half-sib design conservative. 
It should also be pointed out that our approach does not 
account for any polygenic variation that may be 
segregating. However, there is no evidence that ignoring 
a polygenic effect inflates our test statistic. Knott & 
Haley (1992) simulated a polygenic component in a full-
sib design and showed that a QTL linked vs. QTL  
unlinked test gave a lower test statistic than one where 
polygenic effect was fitted (QTL linked +. polygenic 
component vs. QTL unlinked + polygenic component). 
Again this suggests that our test may be conservative. 
A contentious area of QTL mapping is that of 
significance thresholds. Lander & Kruglyak (1995) 
discussed the criteria that should be used for assigning 
linkage. A common problem is that when carrying out a 
genome-wide scan for QTL, multiple testing leads to 
false assignation of linkage because of Type I error. 
However, imposing too strict a value for significance 
may wrongly reject any suggestions of linkage that are 
found (Type II error). Traditionally a LOD score of 3 
has been used to assign linkage. However, Lander & 
Kruglyak (1995) suggest a different approach: the use of 
a genome-wide significance level to find what they term 
'significant linkage'. This is defined as statistical evi-
dence expected 0.05 tithes in a genome-wide scan. If one 
were to carry out a genome-wide scan using 100 markers 
(a realistic number of markers for a natural population 
screening), an experiment-wide error rate of 0.05 could 
be approximated using a Bonferroni correction so that 
= 1 -(1 - 0.05)11100 = 5.13 x l0 - 
Using the approach of Baret et al. (1998) this signifi-
cance level corresponds to a LOD score of 2.34. In other 
words, rather than use a LOD score of 3.0 to assign 
linkage, a LOD score of 2.34 could be used for an 
experiment-wide significance level of 0.05. For the 
MAXI pedigree this equates to a power of about 0.67 
(rather than 0.51) when a QTL of effect 1.0 SD is 
segregating, and there is no linkage between marker and 
QTL (see Fig. 3). 
Although the power to detect QTL is high only in a 
somewhat idealized situation (highly polymorphic mark-
ers, QTL of very large effect, and low recombination 
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fraction between marker and QTL), further consider-
ations may increase this power. In a real mapping study 
researchers may have prior information on environmen-
tal factors influencing the trait of interest. Controlling 
for these variables will serve to increase the proportion 
of the residual variation explained by the QTL. In other 
words, the heritability of the trait determined by the 
QTL will increase, as will the power to detect the QTL. 
Mapping projects in wild populations may also be able 
to draw on previous work carried out in closely related 
laboratory or farmed species where QTL for a trait of 
interest have been identified. If one knew the likely 
location of a QTL, then extra markers could be screened 
in that chromosomal region, hence reducing the recom-
bination fraction between the QTL and marker(s). 
Alternatively only markers linked tightly to the candi-
date region could be typed and less stringent significance 
thresholds used. Again, this would increase the power to 
detect QTL. There is increasing evidence from the plant 
breeding literature that QTL affecting particular traits 
are found in syntenic genomic regions across species 
(Kearsey & Farquhar, 1998). 
In our simulations we have performed linkage anal-
ysis onl' with. single-point markers. Interval mapping 
and multipoint analysis would reduce much of the loss 
of power observed when recombination occurs between 
marker and QTL (Lander & Botstein, 1989; Knott et al., 
1996). For example, when a QTL of effect 1.0 SD is 
segregating and there is no recombination, the power for 
a mean LOD > 3.0 is 0.51 in the extended pedigree. At 
10 cM the power is only 0.19, and at 20 cM just 0.03. 
Interval mapping would partially alleviate this problem, 
the effect of which is most noticeable when one has 
markers spaced at wide intervals (Fulker & Cardon, 
1994), as will be the case in most studies of natural 
populations. Interval mapping has the additional ad-
vantage over single-point mapping that other QTL 
parameters such as magnitude and location can ibe 
estimated (Lander & Botstein, 1989). Most interval 
mapping procedures developed thus far are applicable to 
sib-pair (Lander & Botstein, 1989; Fulker & Cardon, 
1994) or half-sib (Haley & Knott, 1992; Knott et al., 
1996) families. However, our simulations suggest that 
QTL detection in unmanipulated natural populations 
may be possible only if whole, complex pedigrees can be 
analysed. A recent study (Almasy & Blangero, 1998) 
described a method in which large complex pedigrees 
can be analysed by multipoint linkage. The number of 
alleles shared identically by descent (IBD) at marker loci 
is used to estimate genes IBD at various points along a 
chromosome for all relative pairs within the pedigree. 
Variance-component maximum likelihood linkage anal-
ysis is then performed on the overall pedigree to indicate 
the presence of a QTL. As new statistical approaches 
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like these are developed, QTL mapping in natural 
populations will become a possibility. 
As expected, marker heterozygosity had a significant 
impact on ability to detect QTL. For both the extended 
and the flat pedigrees, a heterozygosity of 0.8 gave about 
twice the LOD score as one of 0.5. Microsatellite loci 
typically have heterozygosity values in the range 0.5-0.8, 
although this varies among species and populations. In 
species with a very dense map, such as the mouse, it may 
be possible to use highly variable markers exclusively. 
In summary, we conclude that QTL detection in 
natural populations is possible, but unlikely unless loci 
of very large effect are segregating. However, if this is 
the case, those studies with reasonable sample sizes will 
benefit greatly from being pedigreed for several gener-
ations. Mapping of QTL may be possible with pedigrees 
of well under 1000 individuals. We look forward to the 
development and application of new, sophisticated 
statistical software, and remain cautiously optimistic 
that mapping programmes such as these will be realized 
in the next few years. 
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